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EXECUTIVE SUMMARY

The third annual report of the University Research Initiative project at UCSB

on High-Temperature, High-Performance Composites consists of sections compiled

in a total of six books. The first section in Book I is concerned with the properties

and structure of bimaterial interfaces and the related problem of coating decohesion

and cracking. The second section describes research on the strengths and fracture

resistance of brittle matrix composites manufactured with fibers, whiskers and

ductile phases. This information is presented in Books 2 and 3. The third section

addresses the flow and creep strength of reinforced systems, with emphasis on effects

of aspect ratio and the incidence of damage, and is offered in Book 4. The fourth

section, Books 5 and 6, describes work on processing of intermetallic and ceramic

matrices and compozites, as well as numerical modelling of the mel'-spinning

processtr $ 'V I ?(, 1 '-

SECTION 2: STRENGTH AND FRACTURE RESISTANCE

FIBER REINFORCEMENT

The axial tensile properties of a range of fiber reinforced ceramics have been

rigorously evaluated and shown to be consistent with models previously developed

in the program. In particular, the matrix cracking stresses and the ultimate strength

have been predicted through the models based on independent measurements of the

elastic properties, the interface sliding stress, the interface debond energy, the

residual strain ad the in situ strengths of the fibers. The basic models applicable to

tensile properties, as well as the methods for measuring the important

microstructural properties, are thus concluded to capture the essential features of

composite behavior.



Mode I resistance curve measurements have been made on composites heat

treated to produce fiber interfaces having sufficient sliding resistance that

delamination cracking is suppressed (Sbaizero). The materials and test specimens

lead to large scale bridging and the measured data require correction for this, as

elaborated below. The crack growth behavior has also been numerically simulated

(1-oiom and McMeeking) based on bridging and sliding traction laws derived in

previous research within the program. Good agreement between the simulation and

experimental data is demonstrated for an interface sliding stress consistent with the

measured fiber pull-out lengths. The results also reveal that frictional dissipation

during pull-out provides the main contribution to the toughness (Kc = 20 MPa N1W

at steady-state) and that large scale bridging effects lead to substantial overestimates

of actual toughness levels when conventional linear elastic fracture mechanics

formulae are used.

Delamination cracking has been investigated in a laminated composite

(Sbaizero et al.) and the data have been interpreted based on solutions for mixed

mode cracking in anisotropic media (Suo). Delamination crack growth resistances

have been deduced and shown to be governed primarily by the matrix fracture

energy, with some contribution from distributed fibers that bridge the crack

surfaces. The crack is also found to progress into a steady-state trajectory along a

laminate interface; furthermore, the initial crack path rotates toward that interface in

a sense governed by the sign of KII.

To further understand these eafects, a new method for fabricating ceramic

composites has been invented (Folsom et al.). The method involves bonding

together thin ceramic sheets and thin layers of fibers to form a multiple sandwich

composite comprising of alternate layers of ceramic and fibers. The thin, strong

ceramic sheets are formed by a method used to make ceramic substrates for

electronic packaging. The fiber layers can be in the form of either aligned fibers or
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cloth, which are penetrated with an appropriate bonding agent, e.g., an epoxy resin,

metal or ceramic powder. The composite is formed by sandwiching the ceramic

sheets with fiber layers and then bonding the ceramic sheets to the fiber layers with

an applied pressure at the appropriate temperature. Current work emphasizes

composites formed with epoxy resin, carbon fiber prepregs laminated between

ceramic sheets comprised of either alumina, transformation toughened zirconia, or

glass by hot-pressing. Because processing is simple and carried out at low

temperatures, large numbers of composite modifications are being explored.

Fracture resistance caused through bridging by fiber and/or by ductile

reinforcements has been addressed in the large scale bridging regime (Zok and

Hom), by experiments conducted on metal reinforced ceramics (Velamakanni et al.),

on fiber reinforced ceramics (Sbaizero et al.) and on a metal fiber reinforced polymer.

The results establish a strong influence of large scale bridging on the apparent

fracture resistance, consistent witi. numerical simulations of crack growth in such

materials. An approximate analytical solution has also been developed that

correlates well with the data and may be used for interpretation purposes and,

furthermore, generates actual material resistances from the experimental results.

Additionally, this work clearly indicates that nominal fracture toughness results can

substantially overestimate a'ctual properties and must be used with caution.

DUCTILE REINFORCEMENT

Following the results of the previous year which highlighted the importance

of interface debonding and of the reinforcement ductility (Ashby et al.) on the

toughness, a systematic study has been completed on the effects of those variables

(Cao et al.; Dove et al.). For this purpose, experiments have been conducted on

composite cylinders and on laminated systems consisting of TiAI and Nb/Ti alloys

(thikkness, 2R), with various thin oxide coatings and/or reaction product layers

3



between the matrix and reinforcements. The results reveal that Y203 coatings inhibit

reactions and also allow extensive debonding (debond length d - 20R), consistent

with its relatively low fracture energy (ri - 25 jm- 2). For high ductility

reinforcements, such as high purity Nb, debonding leads to a large work of rupture

(Q -+ 6-7). In the absence of a coating, more limited debonding occurs (d - 5-6R)

along a a-phase reaction product layer, resulting in a smaller work of rupture

Q - 2.5). Furthermore, for the latter, X is found to be similar for composite

cylinders, for laminates and for actual composites. High strength, low ductility

reinforcements, such as Ti-33% Nb, indicate different characteristics. In this case,

extensive debonding (induced by Y20 3 coatings) results in abrupt reinforcement

rupture and small X (1-1.5). However, when debonding is suppressed by averting

the formation of a brittle reaction products layer, inhomogeneous deformation in the

Ti/Nb apparently suppresses necking and allows a moderately large work of

rupture (Q - 2-3 in laminates and X - 4-5 in composites). The approach needed to

achieve optimum toughening thus depends sensitively on the flow and fracture

behavior of the reinforcement. An important effect of matrix crack offset on X has

also been found (Ashby) in the sense that X increases as the offset angle increases. It

remains to ascertain how this benefit can be encouraged in actual composites.

An essential, related aspect of this study concerns diffusion-couple annealing

experiments which have been used to explore interactions between y-TiAI matrices

and ductile-phase reinforcements based on f3-C'i,Nb) alloys. The nature and rate of

evolution of the interfacial layers have been characterized and the interdiffusion

coefficients of Nb and Al in the P-(Ti,Nb) phase have been calculated for the

900-100C temperature range using a Matano-Boltzmann analysis. While the

interdiffusion coefficients are dependent on alloy composition, the activation

energies were found to be quite similar in all cases, about 250 ± 40 kj/mole

(Jewett et al.).
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A process for producing ceramics with an interpenetrating network of a

metallic alloy has been invented (Velakammani et al.). In this process, ceramic

powder is packed within a pyrolyzable preform, e.g., an organic fiber felt, by

pressure filtration. The preform is then pyrolyzed at low temperature of produce a

powder compact containing pore channels remnant of the preform. The ceramic

powder is densified at higher temperatures without eliminating the pore channels

which at infiltrated with a molten metal. A systematic study of the f'acture

toughness based on the above variables, which can be changed with this new

processing method, is in progress. Initial studies have emphasized A120 3 and

transformation toughened ZrO2 matrices containing 20 jim fibers of a Al-Mg alloy

with an architecture remnant of a needled felt used to create the channels within the

ceramic. Squeeze casting is used to intrude the molten metal into the pore channels.

Preliminary fracture mechanics testing to determine crack growth resistance as a

function of crack length has shown that the ductile bridging ligaments increase

fracture toughness.

Studies of the deformation behavior of the reinforcements have provided

additional insight. Deformation of TiNb involves rafted dislocation pile-ups in

narrow, coarsely distributed slip bands that extend large distances away from the

crack surfaces. Fracture occurs at the intersection of these bands. In the Nb system,

twinning and slip occur in the ymatrix around the interface and near the crack

plane Furthermore, debonds along the a phase reaction product layers appear to

initiate at sites where the twins intersect this layer:
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MATRIX TOUGHENING

An investigation of ceramics toughened with whiskers (Campbel et al.) has

established both the prevalent contributions to toughness, as well as the realistic

toughenin~g potential. The two principal toughening contributions derive from the

extra surface energy associated with debonding along the amorphous phase at the

interface and the energy dissipated as acoustic waves when the whiskers fail in the

crack wake. These contributions can lead to toughness of order Yc - 10 MPa rm.

Much larger toughness could be induced by encouraging frictional dissipation by

sliding and pull-out along debonded interfaces. Direct measurements of these

effects (Ashby) produce an opportunity to understand how this contribution can be

understood and emphasized.

Fracture resistance effects have also been explored for process zone

toughening mechanisms (Stump and Budiansky; Horn and McMeeking). These

results show that the resistance curves exhibit a peak preceding steady-state and that

the peak height is related to the gradient in volume fraction of trar.sformed material

in the process zone, f(y), in the sense that uniform transformation in the zone leads

to the maximum peak height. A comparison of simulated fracture resistance curves

with experimental results (Horn and McMeeking) reveals good agreement when

independent measurements of f(y) and of the process zone size and shape are used

to set the magnitudes of the parameters used in the simulation.

The overall toughness of a reinforced system may involve multiplicative

effects between matrix toughening and reinforcement toughening. Matrix

toughening behaviors include the transformation and whisker mechanisms noted

above, as well as twin toughening. Multiplicative effects with reinforcement

toughening occurs primarily with process zone mechanisms (twinning,

transformation, etc.). Analysis of the coupled toughening (Stump and Budiansky,

Hom and McMeeking) have demonstrated conditions that provide the extremes of
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multiplicative and additive behavior. Also, resistance curves applicable when

multiple mechanisms operate have been simulated. These calculations provide the

insight needed to select matrix microstructures consistent with that reinforcement

scheme of choice.
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ABSrRACr

A cylindrical test specimen for evaluating the toughening of brittle

intermetallics by ductile reinforcements has been evaluated. A processing

procedure capable of producing specimens has been devised, using HIPing, and a

method for the tensile testing of the specimen has been established. Results are

presented for y-TiAl reinforced with Nb and a Ti-33at%Nb alloy. The toughening

imparted by these materials is interpreted in terms of their strength, ductility and

interface reactions, as well as loss of constraint mediated by the extent of debonding

along the reaction product layers. Finally, the results are compared with those

previously obtained on actual composites.
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1. INTRODUCTION

The concept whereby a brittle material can be toughened using ductile

reinforcements is now well established. Indeed, this approach has been used to

toughen both ceramics 1-4 and intermetallics, 5 resulting in increases in the critical

stress intensity factor by as much as four hundred percent. The mechanism

primarily responsible for the increased toughness has been attributed to the plastic

work that occurs in the ductile ligaments as they stretch to failure between the crack

surfaces. 2,6-3 The toughness systematically increases with Increase in length of the

ductile bridge zone and eventually realizes a steady-state level at a maximum bridge

length governed by ligament rupture.6 At steady-state the increase in toughness,

AG, is given by, 3,7

Ac = faR (1)

where f is the area fraction of ductile material on the fracture surface, ao is the

uniaxial yield stress, R is a representative cross sectional radius for the

reinforcement and X is a "work of rupture" function which depends on the debond

length at the reinforcement matrix interface, d, the plastic displacement at ligament

failure, u*, and the work hardening coefficient, n. The ductile reinforcements may

also increase toughness by crack deflection 5 and by trapping mechanisms. However,

the dominance of the plastic work contribution has been verified for several

toughened composites, 5,8 leading to identification of Uo,, R, d and u" as critical

parameters controlling the toughness. These parameters are interdependent and

governed by the combined properties of the reinforcements and the interfaces. In

particular, deformation of the ductile phase takes place under avolving conditions

of constraint associated with debonding from the elastic matrix, strain hardening
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and large geometry changes due to necking, crack propagation or shear band

formation. Easy debonding leads to lower deformation stresses and higher

ductilities, whereas strong bonding increases the effective deformation stresses but

decreases the ductilities. The interactions between these variables are clearly

complex. However, it is noteworthy that, for highly ductile reinforcements, such as

Nb in TiAl and Pb in glass, the effects on X appear to be manifest in a single plastic

stretch parameter? u*/R (Fig. 1a), with the effects of debonding implicit in the trend

with plastic stretch. Conversely, Ti-33at%Nb reinforcements in TiAI give an

anomalously high work of rupture.

The properties of the ductile phase and interface are mediated by their

respective microstructures. For example, precipitation hardening in the ductile

phase increases ao, but may also diminish the ductility. Debonding is expected to be

a function of the constitutive properties of the ductile phase, as well as the fracture

energy of the interface and/or reaction product layers. The purpose of the present

study is to establish a composite cylinder test procedure that allows systematic

investigation of the issues outlined above for composites having practical utility.

The test procedure is based both on the concept that toughening can be

described in terms of the stress/displacement relationship for a composite

cylinder 2,3,6, 7 (Fig. ib) and on the original success of testing such specimens

conducted on the model glass/Pb alloy system.3 This approach is extended in the

present study, by developing solid-state processing methods suitable for composite

cylinder testing applicable to material combinations having practical importance.

Specifically, the procedures are developed for a TiAl matrix reinforced with pure Nb

alloys and a Nb alloy. However, the methods have broad applicability to

intermetallic and ceramic matrix composites reinforced with high melting

temperature ductile alloys.
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Ancillary characterization techniques are used to relate the macrostructure

and microstructure to the mechanical performance of the composite specimens.

Furthermore, the results of the composite specimen tests are compared with actual

toughness measurements made on similar alloys fabricated by powder processing

procedures.5

2. THE TEST SPECIMEN

The basic test specimen consists of a concentric cylinder shown in Fig. 2, with

an outer matrix bonded to a central ductile reinforcement.3 The specimen, after

processing, is circumferentially notched and precracked up to the reinforcement. A

key experimental variable is the notch geometry in the vicinity of the wire.

Precracking is facilitated by a deep notch with a low flank angle which terminates

close to the wire interface. However, in order to accurately simulate the behavior of

the reinforcement in the actual composite, it is also important that the matrix

maintain an appropriate degree of elastic constraint. Clearly, this requirement

places limits on the notch width and the distance between the notch tip and the wire

interface. The appropriate balance between these requirements depends, in turn, on

the combined properties of the composite cylinder and the method of precracking.

Hence, identifying appropriate notching and precracking techniques was one of the

objectives of this preliminary work.

2.1 PROCESSING

Test specixens have been prepared using the following general sequence of

operations: casting cylindrs of TiAI matrix material; introducing a concentric hole;
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inserting the wire with a small clearance into the hole; creeping the cylinder onto

the wire to create a pressure-diffusion bond between the matrix a-id reinforcing

alloy. Such matrix cylinders with an outer diameter of 9mm, consisting 0,

Ti-50.5at%Al, were acquired from TiMet. The microstructure of the mat'ix

consisted primarily of single-phase y-TiAI with a small proportion of a2. A 2mm

diameter concentric hole was bored into each cylinder using a lathe with a diamond

drill. The wires were acquired from Teledyne Wah Chang, extruded to a diameter of

slightly less than 2mm, and annealed at 1060*C for 4 hours.

The wires were inserted into the TiAl matrix hole and the composite

incorporated into a Ti can. The can was evacuated and sealed by welding. The

canned system was inserted into a hot isostat;: press (HIP) and exposed to a

pressure/heating cycle (182 MPa at 1200*C for either 2 or 4 h) capable of creeping the

matrix onto the wire and creating a diffusion bond.

2.2 SPECIMEN PREPARATION

Subsequent to HIPing, tensile test specimens were machined on a precision

lathe. First, the outer radius of the canned system was turned to ensure that the

reinforcement was centrally located. A concentric circumferential notch was then

introduced into the specimen midplane. Three types of notches were employed

(Fig. 3), in order to investigate a range of possible procedures. The first procedure,

notch type A, used for the Ti-33at%Nb specimens consisted of initial notching with

a carbide tool yielding a 2 mm outside width tapering at a low flank angle to within

about 100gjm of the wire interface (Fig. 3a); in this case the tip was further sharpened

using a thin diamond blade. A similarly sharpened notch, type B, was used for one

Nb specimen, except that the flank angle was zero and the root located about 300gtm

from the wire interface (Fig. 3b). The third procedure, notch C, used for the second
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Nb specimen, involved diamond grinding at a flank angle of 90" to within about

400Im of the interface (Fig. 3c).

After notching, stainless steel gripping threads were adhesively bonded to

each end in an alignment jig in order to maintain concentricity, by using an

adhesive that maintains a bond up to the load levels expected upon testing.9

Tensile test specimens of the reinforcement wire, annealed at 10600C for 4h,

were also prepared. A 2cm central gauge section was formed on a 7.5 cm long 2mm

diameter wire, by abrasive removal of approximately 250jJm with abrasive paper,

Threaded ends were then adhesively attached in an alignment jig.

2.3 TESTING PROCEDURES

Testing of the composite cylinder was performed in uniaxial tension. Load

train alignment was achieved by coupling the grips to a universal joint on the top

and a Teflon lubricated ball seating fixture on the bottom. The tests were conducted

under displacement control at 1gIm/s. Displacements were measured in the gauge

section using an axial extensometer attached to the specimen. The tests were also

monitored optically, by using a long focal length microscope coupled with a video

recorder, capable of magnifications up to 100. The real-time optical observations

were found to be useful in characterizing the general features, as well as detailed

aspects of crack initiation and reinforcement deformation.

Precracking was carried out as an integral part of the tensile test. Ideally, the

precrack should extend from the root of the machined notch, up to the

reinforcement wire, at a load below that required to yield the wire. Then, the wire

deformation commences from a very sharp crack, and the entire elastic-plastic

stress/deformation curve for the reinforcement is monitored. This condition is
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difficult to achieve, but is most closely approximated by precrackcing at a slow rate

with a low compliance loading train.

3. MECHANICAL CHARACTERISTICS

3.1 REINFORCING ALLOY WIRES

Tensile tests on the Nb and Ti-33at%Nb alloy wires gave the true stress/strain

curves shown in Fig. 4. The properties are summarized in Table I. The Nb wire

exhibited an upper yield stress of 140MPa followed by a yield drop (- 20MPa) and a

region of Luder's strain (0.001 to 0.01). At higher strains, hardening was rapid with

strain hardening exponent n - 0.3. The uniform engineering strain upon

formation of a diffuse neck was about 0.3 and the ultimate tensile stress 200MPa.

The total engineering fracture strain was about 0. t5 and the reduction of area (RA)

0.98. The Ti-33at%Nb alloy wire exhibited very different behavior. This material

had a much higher yield stress of 430MPa, but deformed with negligible strain

hardening, following a slight stress drop of - 20MPa. The wire failed by the

development of a pronounced local neck at a total engineering strain of only 0.16

and a RA of 0.89. Optical observation revealed the formation of a large number of

surface slip bands immediately following yield and, at higher strains, indicated the

development of external facets.

3.2 COMPOSITE CYLINDERS

Tensile tests on composite cylinders resulted in stress/displacement curves

(Fig. 5) qualitatively similar to those previously reported. 3 The test parameters are

summarized in Table II, including the ligament "work of rupture" evaluated using
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X f(alo/)d(u/R) (2)

where 0 is the stress and u the crack opening displacement.

The specimens containing Nb reinforcements experienced a load drop upon

crack formation (Fig. 5), followed by a broad stress maximum at stresses in the range

1.0 to L.7AY for displacements u between 0.2 and 1.0R. Final fracture occurred at a

critical stretch, u'/R - 2.0. The "work of rupture" X was about 1.7 for notch type C

and 2.6 for notch type B. The difference between the two specimens is attributed to

the large load drop involved in precracking with notch C (Fig. 5). The

reinforcement morphology, observed optically, revealed a broad neck accompanied

by considerable debonding, followed by final failure after extensive necking. Such

deformation and failure can be characterized as low strength, low constraint and

relatively high ductility. Consequently, the above result for notch B accords well

with the work of zupture, plastic stretch relation applicable to ductile reinforcements

(Fig. 1).

Tests on specimens with Ti-33at%Nb reinforcements revealed matrix crack

extension well below the yield stress of th-, wire and hence, no load drop. The

normalized stress exhibited a maximum of about 1.70~o, the fracture displacement

was about 0.75R, and the fracture work parameter X - 0.75. Optical observations

revealed the formation of an asymmetric, "crack-like" neck, with the sharper side

propagating to final fracture without evident debonding. The associated

deformation patterns were similar to those observed in the unconstrained tensile

wire test. This deformation and failure behavior can be characterized as high

strength, low constraint and relatively low ductility. However, the work of rupture

is anomalously low (cf. Fig. 1). The discrepancy is believed to be caused by multiple
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fracture of the matxix around the notch because of the proximity of the notch tip to

the wire, as discussed below,

4. MICROSTRUCTURAL AND FRACTOGRAPHIC
OBSERVATIONS

4.1 INTERFACES

The interfacial regions have been studied using a variety of analytical and

electron microscopy techniques on polished cross sections, as well as on foils

prepared by mechanical dimpling followed by ion beam thinning. Such studies

indicate that a 15hgm reaction layer has formed between the TiAl matrix and the Nb

wire (Fig. 6a), although the width of the reaction zone is expected to be a function of

time, temperature and pressure, as well as the gap width between the matrix and the

wire. The compositions of the different regions in the reaction layer are assessed

from line scans (points I to 20 in Fig. 6b). The measured compositions, plotted on

the 1200°C isotherm of the Ti-Al-Nb ternary phase diagraml 0 (Fig. 7) suggest the

reaction zones summarized in Table Il1. These results are in good agreement with

the diffusion couple experiments of Hsieh et al. 11  Transmission electron

microscopy of the reaction layer is currently underway to clarify the nature of the

phases present between the a (a2 below - 1120°C) and a fields. In particular, it

would be of interest to see whether T1, T2 or other phases have formed and to

determine if solid-state transformations, other than a to a2, occurred upon cooling,

because the studies of Jewett et al.10 have shown that the region between a, TI, T2

and y is sensitive to the cooling rate.

The reaction zone between TiAI and the Ti-33at%Nb was about 100grm thick

(Fig. 8a). The composition was analyzed from points 1 to 12 (Fig. 8b) and plotted on
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the phase diagram in Fig. 7. The different zones in the reaction layer are

summarized in Table IW.

4.2 DEFORMATION, DEBONDING AND FRACTURE

Scanning electron microscopy (SEM) investigations of the fracture surfaces

have revealed major differences between the Nb and the Ti-33at%Nb

reinforcements. The Nb reinforcement exhibited extensive plastic deformation (i.e.,

a large reduction in area) and debonding (Fig. 9). Fracture occurred by void

nucleation and growth (Fig. 9a). Cross sections indicated debonding to a depth of the

order 0.8-1.25R (Fig. 9b). Investigation of the Nb surface in the plastic stretch zone

indicated attached brittle fragments cracked in a mudcake pattern (Fig. 9b). This

observation suggests that debonding occurred predominantly within the brittle

reaction product layers, probably the a phase (see Fig. 6). Also, plastic blunting

occurred wherever the debond terminated at the ductile Nb (Fig. 9c).

The Ti-33at%Nb exhibited low ductility and minimal, if any, debonding

(Fig. 10), consistent with the absence of a brittle reaction product layer (see Fig. 8).

Deformation in the TiNb was characterized by a series of coarse slip steps in the

regions of initial necking. The final fracture surface was relatively flat and revealed

a mix of facets with areas of ductile rupture. Also, multiple cracking of the matrix

and of the reaction product layers is apparent near the notch tip.

5. TOUGHENING

Initially, it is instructive to compare the composite cylinder results with

measurements and observations made on powder processed alloys with reinforcing

phases in the form of pancake shaped particles5, about 20 to 401lm thick. Specifically,
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the Nb phase in the composite is relatively soft and ductile, forming a knife edge

fracture surface, with considerable debonding from the Y-TiAI matrix. Furthermore,

the deformation/fracture behavior of the Nb in the alloy is almost identical to that

determined for the composite cylinder; u°/R - 1.6, and x - 2.7 (Fig. 1).

Consequently, by using X values from the composite cylinder tests along with the

appropriate values of f, R and clot for the powder processed alloy, the predicted

toughness increment of 13MPav'i/i for the composite is in exact agreement with

the value measured for the alloy. Moreover, it is noted that composites produced

using larger reinforcement radii of, say, 1mm -would be predicted (Eqn. 1) to exhibit a

steady-state toughness 6" 68kJm- 2 at a rcinforcement volume fraction of 0.2. This

toughness coincides with a critical stress intensity factor of about 115MPa'/"m.

While this toughness is large, it is important to appreciate the associated

implications. The "steady-state' toughness is manifest only after appreciable crack

growth, estimated to be several cm for bend specimen geometries. Additionally,

such large reinforcements may ,not be practical in many cases.

For the Ti-33at%Nb system, significant differences exist between the results

obtained for composite cylinders and for the reinforced klloys. 12 In particular, the

plastic work parameter was much larger for the alloy (X - 4.1) than that obtained

for the composite cylinder (x - 0.75), although u*/R was similar (0.6). This

difference is governed by the lack of constraint in the composite wire specimens,

resulting from multiple cracking between the notch tip and wire (Fig. 10).

Finally, it is emphasized that the toughening behavior of the Nb

reinforcements in y TiAl is much less than the optimum measured for Pb

* Based on hardness measurements, the Nb in the alloy had a effective strength about a factor of
about 1.75 larger than in the Nb in the composite cylinder.
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reinforcements in glass 7 (Fig. 1). The difference is attributed to different debonding

characteristics. Further study of such effects is of evident importance.

6. CONCLUDING REMARKS

A composite cylinder test procedure for assessing trends in the ductile

reinforcement toughening of brittle intermetallics has been established. The

specimens were processed by HIPing a hotow cylinder r' TiAl onto Nb and Nb-alloy

wires. The composite cylinders were then notched and precracked in tension. The

results of the tests are in broad agreement with the behavior of reinforcements in

alloys containing similar reinforcing materials and previous tests of constrained

deformation of lead wires in glass. However, the constraint was not accurately

simulated in the Ti-33at%Nb specimens which experienced multiple fracture of the

matrix near the notch tip. This conclusion suggests that larger distances between the

notch tip and wire interface are required to maintain appropriate constraint for high

strength, low ductility reinforcements.

The tests demonstrate that large differences in deformation and fracture

behavior exist for soft, ductile Nb and the stronger but less ductile Nb alloy. These

differences are manifest in tensile tests as well as in actual composites and

composite cylinders. Consequently, the need for further study of the behavior of Nb

alloy reinforcements is demonstrated.

13
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TABLE I

Tensile [Propertie's of Wires

Yield Stress UTS Uniform Fracture Reduction n
Matca'ial (MPa) (MI'a) Strain Strain of Area

Nb 140 200 0.30 0.45 0.98 0.3

Ti-33at%Nb 430 -- 0.16 0.89 -0
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TABLE II

Tensile Properties of Composite Cylinders

Reinforcing Maximum Stress Plastic Stretch Work of Rupture
Material Om U, X

Nb (C) 1.4ao 1.75R 1.7

Nb (B) 1.9a o  2.OOR 2.6

Ti-33at%Nb 1.7ao 0.75R 0.75

16



TABLE III

Reaction Product Regions

a) Nb. TiA

Region: 1-2 3-4 5-13 15-18 19-20

Phase: ac2  T2 a

b) Ti-33at%Nb: TiAl

eg.. .n: 1-2 3-6 6-12

Phase: a 2
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FIGURE CAPTIONS

Fig. 1. a) The worIA of rupture as a function of plastic stretch and
b) calculated stress, stretch curves.

Fig. 2. The composite cylinder test specimen.

Fig. 3. The three notch configurations used for tensile testing of the composite
cylinder.

Fig. 4. True stress-strain curves measured for the Nb and Ti-33at%Nb wires in
the annealed state.

Fig. 5. Tensile stress/crack opening curves measured for composite cylinders
with Nb and Ti-3.liat%Nb reinforcements.

Fig. 6. a) Cross section SEM micrograph of the Nb wire in the TiAI matrix.
b) Magnified view of the reaction layer between TiAl and Nb.

Fig. 7. Ternary phase diagram at 1200°C. The solid cirdLes show the diffusion
path of TiAl/Nb. The arrows show the diffusion path of
TiAl/Ti-33at%Nb. [Preliminary phase diagram is from Chang

Perepezko.j

Fig. 8. a) Cross section SEM micrograph of the Ti-33at%Nb wire in the TiAI
matrix.

b) Magnified view of the reaction layer between TiAI and Ti-33at%Nb.

Fig. 9. Scanning electron micrographs of fractured Nb composite cylinder
specimen
a) End view of specimen after fracture showing necking of the Nb and

interface debonding
b) View of the debond region showing brittle fragments on both the

Nb and TiAI debond surfaces
c) A view of the end of the debond region showing brittle crack

extension in the reaction product layers and blunting in the Nb.
Fig. 10. Scanning electron micrographs of the failure process in the Ti-33at%Nb

composite cylinder specimen
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(a) Cross section SEM micrograph of the Nb wire in the TiAl matrix.

(b) Magnified view of the reaction layer between TiAl and Nb.
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(a) Cross section SEM micrograph of the Ti-33at%Nb wvire in the Ti-Al matrix.
(b) Magnified viewv of the reaction layer between TiAI and Ti-33at,7Nb.
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Method for Processing Metal Reinforced Ceramic Composites

Abetribct

A new procese is developed to form a ceramic containing a three dimensional
network of metal reinforcement. The process involves four steps: 1) forming a
powder compact containing a continuous network of either organic or carbon
material by pressure filtration, 2) pyrolyzing the network to form channels within
the powder compact, 3) densifying the powder while retaining the channel network
and 4) intruding metal into the channel network by squeeze casting. Pressure
filtration is used to form the powder compact containing the pyrolyzable network
either by mixing slurries of powder with chopped fiber or by packing powder within
pyrolyzable preforms. When pressure is removed after filtration, the differential
strain recovery of the powder matrix relative to the organic material can cause
damage. Such damage is prevalent for a powder matrix formed from flocced
slurries. However, this problem was avoided by using dispersed slurries which
produced consolidated bodies that alleviate stresses arising from differential strain
recovery by viscous flow. Metal reinforced ceramic composites with different
reinforcement architectures, volume fractions and sizes can be produced with this
technique.
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Absrac

A new process is developed to form a ceramic containing a three dimensional
network of metal reinforcement. The process involves four steps- 1) forming a
powder compact containing a continuous network of either organic or carbon
material by preure filtration, 2) pyrolyzlng the network to form channels within
the powder compac4 3) densifying the powder while retaining the channel network,
and 4) intruding metal into'the channel network by squeeze casting. Pressure
filtrition is used to form the powder compact containing the pyrolyzable network
either by mixing slurries of powder with chopped fr~or by packing powder within
pyrolyzable preforms. When pressure is removed after filtration, the differential
strain recovery of the powder matrix relative to the organic material can cause
damage. Such damage is prevalent for a powder matrix formed from flccced
slurries. However, this problem was avoided by using dispersed slurries which
produced consolidated bodies that aleviate stresses arising from differential strain
recovery by viscous flow. Metal reinforced ceramic composites with different
reinforcement architectures, volume fractions and sizes can be produced with this
technique.

Introduction

Metal reinforcements are incorporated into ceramics in an attempt to increase
the fracture toughness of the ceramic matrix and impart R-Curve behavior. To
realize these properties, the reiniorcements must act as bridges behind an extending
crack. Consequently, the extending crack must by-pass the reinforcement and the
bridging reinforcement must dissipate energy. Ductile reinforcements can be by-
passed because of their much larger fracture toughness relative to the matrix. They
dissipate energy through constrained, plastic deformation. The magnitude of the
plastic work per reinforcement times the number intercepted governs the
incremental increase in fracture toughness. Toughness increases as the crack

Member American Ceramic Society



extends if the bridging reinforcements do rot immediately fail. This increasing
resistance to crack extension as the crack grows longer is known as R-Curve
behavior a if significant, can make the strength relatively insensitive to crack
length.

Theoretical work I suggests that the improved fracture resistance imparted by
a highly ductile phase will increase with increase in its volume fraction, yield
strength, and bridge diameter. Recent experimental work 2 also shows that some
debonding of the metal/ceramic interface will increase the plastic work. It would be
advantageous to fabricate composites wherein these fracture related parameters
could be changed in order to test theoreti predictions and to produce optimally
reinforced microstructures.

One innovative method for forming metal reinforced ceramic composites, is
under commercial development.3 This method involves the environmental
reaction of a molten metal (e.g., the oxidation of certain aluminum alloys) in which
a reaction product (e.g., A1203) continues to form as metal is wicked though
channels within the reaction layer until the molten pool is depleted. This unusual
reaction phenomenon can also be used to form the reaction product within powder
compacts and inorganic fiber preforms 4. After solidification, the metal remaining
in the channels Is the ductile reinforcment.

All other metal reinforced ceramic composites are formed with powder
methods. They include the liquid phase sintering of ceiamic powder with a molten
metl (e.g., commerdal WC/Co composites), the intrusion of a molten metal into a
partially sintered powder compact 5, the reduction of certain polycrystalline oxides to
form a metallic phase at grain junctions 6, and the deformation processing (hot-
pressing and HIPing) of powder/refractory metal mixtures. 7 In the first three of
these methods, the metal reinforcement lies at and along grain junctions and the
size of bridging ligaments produced during fractute is less than the grain size.
Deformation processing can produce larger diameter reinforcements, but the metal
must be at least as refractory as the ceramic. Reaction between the ceramic and
metal during deformation processing can also be a concern.

The processing method introduced here has the potential to fabricate many
different ceramic/metal systems in which the architecture, bridging ligament
diameter, and volume fraction of the metal reinforcement can be engineered to
optimize fracture behavior. With this method a powder compact containing a
pyrolyzable network is harmed by pressure filtration. After the network is removed
by pyrolysis, the pow'ier matrix is densified. Channels, remnant of the pyrolyzed
network, are then inflitrated with a molten metal.

The following sections review pertinent aspects of the pressure filtration
method used to incorporate z pyrolyzable network into a powder compact and the
procedures used to form a nretal reinforced ceramic. Disruptive phenomena
produced by differential stran recovery after filtration are then discussed and
methods used to avoid L"is by controlling the rheology of the consolidated body are
discussed. Finally, the microstructures of different composites formed by this
process are presented.



Preure Filtration

Prsumm filtration is a method for consolidating powders from a slurry. Large
quantities of ferrite components are produced by this method.8 Furthermore, with
the development of moldable, porous plastic die materials 9, sectors of the ceramic
industry are automating plants that consolidate complex shaped, day-based ceramics
by pressure filtration. Pressure filtration is also a desired method for consolidating
advanced structural components in which heterogeneities (agglomerates,
inclusions, etc.), which lead to strength degrading flaw populations, are removed by
colloidal metho& 10

During pressure filtration, particles within a slurry build up a consolidated
layer as the liquid flows through the layer and filter. The kinetics of pressure
filtration I1 are well described for slurries containing either non-interacting or
repulsive (dispersed) particles. 12 The function decribng the thkne ) of the
consolidated layer as a function of time was derived by solving Darcy's diffetial
equation describing flow though a powder bed. This function includes the viscosity
of the fluid (i), the permeability (k) of the consolidated layer, the volume fraction of
solids in the slurry (ft) and consolidated layer (fQ), and the pressure applied to the
slurry (P),

.1.

h kP [ ()

In deriving this expression, it is assumed that the permeability is constant during
filtration. The permeability is a function of the particle size and particle packing
density.

Consolidated powders exhibit non-linear elastic stress-strain behavior similar
to that described by Hertz 13 for two spheres pressed together. The compressive
stress (a)-strain () response of a powder can be expressed 14 as a - Ae 3/2, where A
depends on the relative density of the powder compact (average number of contacts
per particle) and the elastic properties of the particles. Fig. 1 describes this response
for A1203 powder compacts as determined with strain recovery measurements 12
after pressure filtration of both flocced and dispersed slurries. As illustrated,
relatively small stresses produce large strains and the compact becomes stiffer as the
stress is increased. Thus, after a powder has been consolidated and the pressure is
released, large elastic strains are recovered and the compact expands.

Since the consolidated layer is formed under pressure, it stores elastic strain
during filtration. After filtration is complete and the applied pressure is removed,
the stored elastic strain is released and the compact grows. Experiments have shown
12 that the recovery of this strain is time dependent and that the rate of strain release
depends on the rheology of the saturated, consolidated body. Bodies consolidated
from dispersed slurries flow despite their very high particle packing density, because
the particles still repulse when pressure is released. The resulting strain occurs



within a relatlve.y short period. Bodies consolidated from flocced slurries appear
stiff, e xhbit hixa& c rheology and continue to strain for many hours. In them.
bodies, as the particle ntwork attempts to relax, the surrounding Liquid is placed in
tension, causN liquid (or air)'to flow from the surface to the interior leading to
exasjon of the network The time required to dissipate the associated stresses by
fluid f w is governed by Darcy's Law. Dispersed bodia, on the other hand, appear
to strain by body flow. As addressed below, thase strains ame of critical importance in
the structural integrity of bocles containing either reinforcements or pyrolyzable
networks.

Jamet et al 15 were the first to show that a powder could be packed within a
fiber preform using pressure filtration. In this process, schematically shown in
Fig Z a fiber preform is placed on top of the flte and particles within a slurry flow
through the preform channels to, build a consoUdated layer within the preform
during filtration. Before a consolidated layer builds up on the filter, a uniform
pressure exists within the slurry and within the liquid filled (or slurry filled)
preform. As the consolidation layer builds within the preform, the combined
pressure exerted by the consolidated layer and the liquid is identical to th. pressure
within the slurry. That is, throughout all stages of pressure filtration, the preform is
ever subject to non-hydrostatic loads which would produce disruptive effects,

such so ;efornm ompaction and/or crushing.
Our experience has shown that the success of this processing method depends

on three conditions. Firstly, particles must be sma enough to flow through the
preform channels. The filtration literature 16 uggests that the particles should at
least be 7-10 times smaller than the percolation channels to prevent the preform
from acting as a filter. However, to produce a compact with a high paidng density,
the particles must be even smaller. This requirement was made evident in recent
experiments in which Lam and Lange 17 showed that the reinforcement did not
interfere with the powder packing density if the ratio of the reinforcement to
particle diameter was > 50. Smaller ratios produced lower packing densities. When
these results are converted to channel size, they suggest that the particle diameter
should be at least 100 times smaller than the average channel diameter. Secondly,
the particles can not be attracted either to themselves (should not floc) or to the
preform material as they flow through the channels. That is, when attractive
surfAce force conditions prevail, the channels are quickly blocked, the preform itself
acts as the filter, and a consolidated layer builds up on top instead of within the
preform. The thixd condition was made evident during the present investigation.
As described in the last section, it concerns the differential strain between the
network and the powder. This differential strain can disrupt the powder compact.

Experimental Approach

Pyrolyzable Networks

Two types of pyrolyzable networks were used in this study. The first was a
three-dimensional preform consisting of interconnected network prior to pressure



filtration and the tvwond, a connective fiber network formed during the pressure
filtration of sluries coitaining chopped fibers.

Three dlmensknai preforms are commercially available in a variety of
architecture (reticulated fotTs, felts, woven and knitted mats) made from a variety
of pyrolyzble.materlals (natral and synthetic polymers, and carbon). Although
different preform archltectures and materials have been tested, this paper will
emphasize the use of reticulated polyurethane foams. Because of their large
channel size, powder can be packed within reticulated foams by pressure filtration
using either dispersed or flocced slurr:ov. Two different polyurethane reticulated
foams were used in this study. a low dermty foarn (-0.03 g/cc) with average cell and
strut slm of 250 pim (40 cells/m) and 50 gn', respectively, and a high density foam6

(0.18 g/cc) with average cell and strut sizes of 250 t= (120 cells/cm) and 150 pim,
respectively. As described below, chopped cartot fibers with an aspect ratio of 8
(mean diameter 11 Izm and length 88 )Lm) were also used to form a pyrolyzable
continuous network.

Aqueous alumina' slurries were used in this study. For the cam whmein the
lurry was used to form a consolidated layer within the piyurethane reticulated

foams, the interparticle forces were altered by controlling the pFl of the slurry. Zda
potitial measurements for this A1203 as a function of pH showed that it xhibits
the highest zeta pote:ntial between pH 2 and 4 (-60 mV). Beyond pH 4 the zeta
potential deceasm gradually, reaching near zero around pH 9. Becaumse of its high
zeta potential between pH 2 and 4, the strong electrostatic repulZve frce betw
particles facilitate dispersion of particles in the water. However, around pH 9, van
der Waals attractive forces dominate electrostatic repulsive forces, thua causing
particles to flocculate/aggregate. A high-shear field, obtained by immersing an
'.,trasonlc hornd in the slurry (pH - 4), aided in breaking apart soft agglomerates.
After this dispersion procedure, the avenge particle diameter was 0.4 ILmO. n this
study, either dispersed (pH 4) or flocced (pH 8) slurries were used to pack panicles,
vik pressure filtration, within the polyurethane reticulated foams. Separate
pressure filtration studies with these alumina slurries in flocced and dispexsed
slurry states produced consolidated bodies with relative packing densities of 5"%
and 62% by volume, respectively.

Since pourable alumina suspensions are required for pressure filtration ito
three-dimensional preforms, it is necessary to vary the solids content as well a) 2he
chemistry of the slurry. For example, alumina with an average particle size of
0.4 microns can be loaded to as high as 55 volume percent to formulate a pouraoAe
aqueous, dispersed slurry. On the other hand, with the same alumina, a poura..,le

a Scott Foau Div., Eddystooc, PA.
b Twin Rivers Enugg., Eau Boothbay, Maine.
c AKP-50. Sumitomo Corp. of America. New York. NY.

d Sonic Dismembrator, Model 300, Fisher Scientific Co.. Pittsburgh, PA.

SSediGraph 5000 ET, Micromeritics, Norcrou, GA.



flocced slurry can be made with a maximum solids content of only 15 volume
percet. In this work, the solids loading of dispersed and flocced alumina slurries
woe 20% and 13% by volume, respectively.

Pressure Fltrati into a Three Dimensional Network

Pressure filtration was used to pack particles within the reticulated foams.
Because of their very large channel size, the powder could be consolidated within
the foams with either dispersed or flocced slurries. To avoid pressure differentials
within the foam during the initial stages of filtration and to eliminate entrapped air,
the foam was soak with the saaw fluid and surfactant used in making the slurry
prior to placing it on top of the filter within the cylindrical die cavity. The slurry
was then poured into the cylinder and pressure applied to the slurry with a plunger
fitted into the cylinder as shown in Fig. 2. Sufficient slurry is used such that the
consoldated layer completely fills the preform. During filtration the plunger
displacement is monitored. After a period of 15 minutes in which no plunger
displacement is observed, filtration was terminated by releasing the pressure and
removing the composite body from the die cavity. A maximum pressure of
14.6 MNa was used for thes consoLidation exmiments.

Press=r Filtration of Chogyed Fiber. Powtder Slurries

As detailed elsewhere 17, alumina powder and chopped carbon fibers (10, 20,
and 30 volume perce t, based on solid content) were dispersed in water (pH - 8)
with 0.1 weight percent (based on solid content) of an ammonia based
polyelectrolyte. The polyelectrolyte was used in these experiments to facilitate
wetting of carbon fiber in water and to codisperse alumina and carbon in water.
This mixed "4uny was press filtered at 14.6 MPa in the manner described above.

tetwork Iolyis and Matrix Densification

After the powder compacts containing the pyrolyzable networks are removed
from the die cavity, they are fully saturated with liquid. After drying the composite
bodies at 50*C for 24 hours, they were placea in an air furnace and heat treated to
first pyrc4yze the organic network/carbon fibers (heating rate of lOC/min to 8000C,
4 hours hold) to produce the desired channel network and then to densify the
ceramic powder (heating rate of 50C/min to 1550"C, 30 min. hold) while retaining
the channel network.

Metal Infiltration

The last step is accomplished by intruding molten metal into the channels,
remnant of the pyrolyzeid network, within the dense ceramic matrix by squeeze
casting 18. The advantages of squeeze casting are that infiltration is achieved under

f Darvou C, R. T. -cadebilt Co., Norwalk. Cr.



relatively short times, preventing extensive metal-ceramic reactions, and
subsequent solidification takes place under externally applied pressure which results
In a flipined microstructure free of shrinkage voids. To accomplish this
intrusion, the ceramic matrix was preheated to S001C and then placed in a preheated
ste l die. A moltert aluminum-4 wt.% Mg alloy, held in a separate crucible at 78C
was then poured onto the preheated ceramic. A plunger was then activated by
hydraulic pressures to force the molten metal into the channels at 170 MPa.

Resuls and Discussion

Differentia Strain Pecovr= and Structural Inhirritv

The structural integrity of the dem ceramic (prior to metal intrusion)
containing the chanres remnant of the reticulated foam was observed to depend on
whether it was produced from a flocced or a dispersed slurry. In repeated
exeriments, flocced slurries produced weak materials that granulated into wel
defined cells under moderate impact loads. Dispersed slurries produced relatively
strong materials in which the crack surface traversed the channels remnant of the
pyrolyzed, reticulated foam. Examination of frr.-ture surfaces of bodies produced
from flocced slurries with the scanning electron microscope revealed the
intercel.lular fracture morphology shown in Fig. 3a. With the exception of the
channel walls, the surfaces of the separated, cels appeared rough and wer first
thought to be fracture surfaces. Upon closer observation (Fig. 3b), it was discovered
that only the center portion of each cell surface (approxix-atdy 15 %) exhibited a
surface morphology typical of a fractured, polycrystalline ceramic (trans- and
intergranular fractured grains). Grains on the surrounding, rougher surface were
not fractured, but had morphologies typical of ,. sintered surface (smooth grain
surfaces and equilibrium boundary grooves). In addition, this portion of each cell
surface was very irregular giving an appearance of b0ing torn prior to densification.
In contrast, the bodies formed from the dispersed slurry were much stronger, and
when fractured, the crack plane traversed the cells as shown in Fig. 4.

Using the discussion concerning pressure filtration, it can be hypothesized
that the weakness and granulation of the ceramic formed from the flocced slurry
was caused by the differential recovery strain of the polymer relative to the
consolidated powder when pressure was released after filtration. As shown in Fig. Z
a typical polyurethane, with a bulk elastic modulus of approximately 1 GPa, will
recover more strain than the powder compact after both are subjected to the same
presure. That is, the reticulated foam will expanded more than the consolidated
powder. For the case of the body formed from the flocced slurry, it appears that the
expanding foam separated the consolidated powder into granules, defined by the
cells within the foam, when pressure is removed after filtration. This problem did
not arise when the body was consolidated from the dispersed slurry.

The difference in disruption between the body consolidated from the flocced
slu-ry and that within the body produced from the dispersed slurry can be explained

9 AutoForge, 200 T. North American Rockwell Corp.. Reading. PA.



by the effect of body rheology on the stresses generated by differential strain
recovery. After the composites formed from the flocced slurry ,.ere removed from
the die cavity, they appeared stiff, whereas the dispersed slurries produced
composites in which the consolidated powder was still fluid and could be squeezed
from the reticulated foam with moderate pressure. It can be concluded that the
more elastic bodies produced from flocced slurries produce high stress and could
only accommodate the differential strain by cracking (or tearing). Conversely, the
bodies produced from the dispersed slurry could easily alleviate the stresses caused
by the differential strains though a viscous flow process. It can be surmised that the
disruption produced by differential stress relaxation after pressure filtration could be
prevented by consolidating with a dispersed slurry and by maintbining the particles
in a state of repulsims as the consolidation strain is released.

The strain recovery associated with powder consolidation is of great
importance to ceramic processing, especially while processing composite systems.
Inclusions within the powder which are either stiffer (for example, dense
agglomerates, whiskers and fibers) or more compliant (organic inclusions as lint,
hair, and polymer flbea) store less or more strain relative to the powder compact,
respectively, during consolidation. Whe stress is removed, an isolated Inclusion
with a lower elastic modulus will expand relative to the powder matrix, produce
radial tensile strtnsa within the surrounding powder, and cause cracking. On the
other hand, an inclusion with a higher modulus will contract relative to the matrix
andmay separate from the powder matrix. Lange and Miller 12 have shown that (in
monolithics) disruptive phenomenon can also be avoided by Increasing the strength
of the interparticle bonds through additions of certain polymers.

MiMstructure of Metal Reinforced Ceramics

Observations of polished sections showed that the only porosity remaining
after network pyrolysis and ceramic densification was associated with the channels
remnant of the pyrolyzed network. Relative densities > 0.98 were measured for heat
treated bodies that did not contain the pyrolyzable material. Linear shrinkage
measuremnents of bodies containing the pyrolyzable networks were identical to those
without the network. This observation shows, as expected, that the channel
network produced within the powder compact during pyrolysis shrinks, but
certainly does not disappear (Fig. 5). The surfaces of these channels produced by the
pyrolyzed carbon fibers (Fig. 5b) are typical of a sintered surface: smooth grain
surfaces and grain boundary grooves.

Polished sections of metal intruded materials produced with the low and
high density reticulated foams (Fig. 6) reveal that the architecture of the metal
reinforcement replicates the architecture of the pyrolyzed foams. Metal was
observed to intrude into all sharp comers of this structure. Infiltration of molten Al
alloy was attempted into alumina preforms containing 10, 20 and 30 volume percent
channels. However, an interconnected network of metal was only obtained with
the preform containing 30 volume percent channels (Fig. 7).

An investigation of the fracture behavior of these and other metal reinforced
composites fabricated by this new method has been initiated. Preliminary fracture



experiments show that the aluminum alloy bridges cracks and undergoes

constrained plastic deformation (Fig. 8).

Condusion

A new a id simple process is developed to form a three dimensional network
of metal reinforcement in a densified ceramic matrix. This new processing method
not only allows the processing of . range of metal/ceramic composite systems,
which may nol! be processed by other methods, but also allows the materials
engineer to manipulate the architecture, volume fraction and the size of the metal
reinforcement. The key combined feture of this discovery are a) powder can be
picked either within or around a network of a second materal by pressure filtration,
b) after powder packing, the network material can be removed to define a
continuous network of channels, c) after the network materis is removed, the
powder compact can be made dense by a high temperature heat treatment, and d)
after di -ihleaion of the ceramic matrix, molten metal is intruded into the network
channels to create the desired reinforcement network configuration. Using this
approach alumina-alumInum alloy composites with metal architectures similar to
that of reticulated foam and of randomly oriented fibers were processed.

It was also demonstrated that the differential strain recovery between the
consolidated powder and the reinforcement is a critical issue in processing
composites. Damage infl "d by this differential strain can be eliminated by
controlling the rheology o 1! consolidated body through the used of dispersed
slurries and maintaining ite of interparticle repulsion as strain is relieved.
Stresses induced by diffe . strain in these bodies appear to dissipate by viscous
flow. Relations between ditferential strain recovery, body rheology and stress
dissipation are a subject of future research.
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Figurm

Fig I Strain recovered in alumina powder, pressure filtered as dispersed and
flocced slurries. 12 Elastic behavior of a polymer with a bulk elastic modulus of
I GPa is also shown for comparison.

Fig. 2 Schematic of pressure filtration into a pyrolyzable preform.

Fig. 3 a) Micrograph of intercellular fracture of alumina preform containing
interconnected chnnels which are remnant of pyrolyzed reticulated foam pressured
filtered from a flocced slurry. b) Higher magnification of cell surfaces showing
fractured surface (dark region at the center) is surrounded by sinterud surface.

Fg. 4 MCraph of intercellular fracture of alumina ceramic containing channel
network remnant of pyrolyzed reticulated foam pressured filtered from a dispersed
slurry.

Fig. 5 a) Micrograph of alumina ceramic containing continuous channel network
remnpant of pyrolyzed carbon fibers. b) Higher agnification showing sintered
surface of one channel.

Fig. 6 Micrograph of alumina ceramic containing channel network produced by
pyrolysis of low density (a) and high density (b) reliculated foams intruded with
aluminum alloy by squeeze casting.

Fig. 7 Polished section of alumina containing approximated 30 volume percent
aluminum alloy intruded by squeeze casting into clannels remnant of pyrolyzed
carbon fibers.

Fig. 8 Interaction of crack with aluminum alloy 'fiber' produced during squeeze
casting into channel network of pyrolyzed carbon fibers. Note that metal
reinforcement bridges crack and deforms.
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ASTACI"

Rcationships that govern trends in the toughness of ccramtct and ceramic tomn tics with it iructure 3r
S.,'ll.d l~xlo 1Cd. The staus of present understanding is revicwcd. Two principal t1iethantstic cl~c ¢ .jr described
ttlecss and bridging zoone mchanisms. P ms zone mechanisms. which include transfominaton. nic ca.k and twin

to, hcning are shown to bc governed by the size of the zone and by the non.linczr strain provided by the mechanism.
ltridg ng zone mcchanisms exhibit toughness dictated by a coupled mcasurc of the strength of the rcinforcerent and :
nirtur displacement: toughening by fibers, whiskers and ductile networks am: nmichanimis of this type. Both types of
tichtanism deonistrate resistance vurve behavior. dominated by crack w-ake effects. Interactions between ncchamns
.rc hnctly :iddcssed.

NOTATION

S linear trcnnal expansion coefficient

11 nxxiochnic wglc
I, fracture energy of inctface

fracture energy of mwrix

fracturc energy of fiber

nucrocrack density parantrcr
CS n.iximum microcrack density praix:

S strain tensor
C~ Nsus-fre strain

Kronccktr dcha
t) ti crocrack density parametcr

rjt:o of Youngfs modulus of fiber to matrix. EI/Em
Gig ircI$S tCfsor

€I, critical stress for transformation

;,l %tcady-statc matix cracking stress in composite

( cquivalent stress

OU ultimate strength of composite
(7 applid stress
a mean stress



S hcar rsistancc of interfacc afta dde-nd
OT misfit strain for microcracking

X ductile reinforcennt togheting paramctcv
It friction coefficim
V Poisson's ratio
V ,Poissos ratio for mtewcrackcd bWdy

Rcfcrence area I m'-

II bulk modulus

tl bulk modulus of mtcr ckcd body
¢ nictocack dimension

d dtcbond length

h Youngs modulus ofr emiposltc

Cra Youngs modulus of matnx

1' Youngs modulus of fiber
F non.dimcnsional crack closure forcc

I volume fraction
G :hcar modulus

%hear modulus of mtcmcrackcd bcdy
(' ,t=n Cnrergy relcase ratc

critical strain energy rnlcasc ratc for the compositc

Ati €  increase in toughness of compositc above matrix toughncss

h process zonc width

hP fiber pull-out lcngth

I l-integral

3 J.intcgral

K strss intcnsity factor
Kp crack tip stress intensity factor

K.. stress intensity factor associatcd with applied loads
1c critical stress intensity factor for compositc

KO critical stress inte:. iity factor for crack tip extension
AK crack shielding stress intensity factor

AKC increase in critical stress intensity factor abovc matrix value

I slip length

L bridging zone length

LS gauge length

m shape parameter for fiber strength distribution

n work hardening rate
p axial residual axial stress in the Maldi in aligned fiber composite

q residual stress normal to interface in fiber corrpositc

R reinforcement radius
r distance from crack front

S saturation matrix crack spacing
S) deviatoric stress

S fiber strength

S9 scale parameter for fiber strength distribution



I stress acting on rein fortomri between crack surfaces
V rcstdual stress work
u crack op~ening displacement

. crack opening upon reinforcement iuptur
Y unixial yield strength

1. INTRODucI1oX\

1he oajcti-/c of resecarch corcnce with sutictura.) eramics is thc generation of tenali~s having high reliability,
To 3cl.;cve this objective. there: arc two fundamentally different approaches (Mig. 1.4.i flaw control and toughening.
The first:approach accepts the bnittleness of the material anti attempts to control thec large extreme of procs,%ng flaws.
T'he %con approach attempts to create microstnucwures that impart wuficient fracture resistance W~ig 13# that the
,'rengtli l'comes inicnsitivc to the size of flaws iag. I.M). Thc former has Ween the subject of L.onstderahlc rcseatch
that identitesthc most dectrintaiil prcecssing ivs. as well as thc processing step responsible for those: flaws (Lange
1989. Evans 1982. Rice 1977). The oughtning ;Vrg has emerged more recently. and has the obvious advantage
that appreciable proccsing and post..proccssing damage can be tokrated without compromising thc structural relibility
iEvans NO1. Cook ct al. 1985).

The rcsistanice or brittlc solids to the propagation of cracks can be strongly influenced by mierostructurc and by
the use of various reinforcements. Thc intent of the present artice is to provide a succinct revicw or the known cffects
of microstzucturc and or reinforcements on thc fracture resistance. In most cases, toughening results in rcsistancc-curvc
characteristics (ig. 1.2), wherein thc fracture rcsistance systematically Increases with crack extension. The individual
mechanisms include: transformation. nierocracking. twmnning, ductile icinromement and fiberlwhiskcr reinforcement.

An anderlying principic concerns thc essential rolc of non-linearity in toughening, as manifest In mechanisms of
dissipation and energy storage In thc matenal. upon crack propagation. Consequ.-ntly. thc potent toughening
mechanisms can be modelled In tr.is or stress/displacemencrt constitutive laws for representative volume elements
(rig, 1.4). Furthermore, the toughening can be explicitly related to stress/displacement hysteresis (ig. 1.4). as will be
elaborated for each of the important mechanisms. The general philosophy thus adopts the classical concept of
homogcnihing the properties of the material around the crack and then formulating a constitutie law that characrizes
the mnatenal response.* WbS approach rigorously describes the toughening behavior whenever the length of the non.
linear zone is appreciably larger than the spacing between the relevant microstructural entities. Stich condit ions
invariably eist when the material exhibits lh toughtiet . The coupling between expenment and theory is another
prevalent theme, because toughening is sufficiently complex and involves a sufficiently large number of Independent
vadibles that microstnzcturc optimization only becomes practical when each of the important modes has been described
by a rigorous model, validated by experiment.

The known mechanisms can be convcniently considered to involve either a process :one or a bridging :one
ilig. 1.). The former category exhibits a toughening fundamentally governed by a cntical stress for tue onset of non.
linearity o* in elements near the crack and by the associated stress-firee strain C, (Evans and Cannon 1986.
MeMeeking and Evans 1982. Budiansky, H-utchinson and Lambropoulos 1983, Marshall. Drory and Evans 1983). The
resulting stress-strain hysteresis of those elements within a process :one then yields a toughness, given by (Marshall.
Drory and Evans 1983),

Nodels that di=cremze mnoerosutnmera detils ae typi!y less ngorus. bomuse Uvee-dsiensiomi tntezauons along te crxk liont are not
,r3Jiydcsctxd
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Fig. 1.2 Res:stance curve behavior characteristically cncountcred in tough ceramics. KR is the fracture resistance and
.a is the crack advance.
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Fig. 1I5 A schcmaue diagrani illustrating both process zone and buidging zone mechainismls of toughcning.

where A (,cis thc increase in critical strain energy release rte where the crack is long.- f is the volume fraction or*
toughening agent and h is the width of the process zone in stcady-statc 01cecking and Evans 14982. Slump and
fludiansky 1999). Transformaution. mnicrocrack and twin toughening a= mechanisms of this type.

Thc bridging category exhibits toughening governed by hysteresis along thc crack surface (Evans and
McMccking 1986, Budiansky. Amizigo and Evans 1988) induced by intact material ligaments.

Ajc= 21 Jttudu

o 
0.2)

where 2u is the crack opening. 2u- the opening at the edge of the bn 'ging zone. t the tractions on the crack surfAcs
exerted by the intact toughening agent (Fig. 1.5) and I is the area fraction of reinforcements along the crack plane.
Ductile reinforcements, as well as whiskers and fibers, toughen by means of bridging tractions.

In the *toughest" matenals. a steady -state cracking phenomenon occurs t:Wcston. Cooper and Kelly 1971.
Marshall. Cox and Evans 1985, Budiansky. Hiutchinson and Evans 1986. IMcCartney 1988). wherein the crack
extension stress becomes in~de~rdnt 2fg sk kgSi. For such materiails. dhe toughness is usually non-unique and not.
therefore, a useful design parameter. Instead, the steady-state cracking stress and the ultimate stren-,-h bcamen the more
relevant matenal properties. Transitions betiveen toughness control and steady state crackmnx are thtus of major
significance.

-Shon cracks and cracks without fully developed process zones give smialier changes in toughness. as cliborated in the section on resistance
curves.



Some of thc rnutcrials to bc considcrcd in this rcviC along with thc -ssocatcd mcechansms of toughcning.
%:ouplcd with the highcst vcrifl'btc toughncss for ec€th mechanism. amc sumnmancd in Tablc 1.1. This list is impressive
when it is appreciatcd th3tconvcnional cerancs h3vc3 toughness. K , f I - 3MPaN'i-m. Ilowcvcr. somc cauion

is ilso ncicssary bccausc the highest Icvcls of toughness cannot always be used go effectively enhance strength and

reliability.

Table 1.1 Tough Ceramics

Toughness -xemplary
MNechanism (N1I'; Material l.irnitalun

Transfomation -20 7.M.). t, NIO) T Z ')()()K... ... __ "iO,

,dicrocracking - 10 AI-OVMzO T Z 1300K
SiN4ASiC Stn:neth

Meta - 25 AI-O I T ? 1300K
Di siton 7.6 /r Oxkdhdon

WOlO1

Whiskers - 15 Si3NdSiC Oxidation

St:1MdShN4 Intcacc
AI&SoUiC T < ISOoK

Fibers > 30 L.S/SiC Processing
AI,Oy/iC Interfaces

SiC/SiC C,tings
SiC/C _ _> ?

LAS. Lithium Alunmin Silicaitc Gl.-cramic

The article Is organizcd as follows. Chapters 2-4 summarize transformation effccts with Chapter 2

concentrating on phase transformations in ZrO2. Chaptcr 3 encompasses in situ transmission electron microscopy
observations and toughcning is covered in Chapter 4. Microcrack toughening is considered in Chaptcr 5. Chaptcr 6

uminizes ductilc rinforccment toughening. Thc paper concludcs with an assessment of fiber/whiskcr toughening and

Ntrcngthcning.



2. PI IASE TRANSFORMIATION'S IN 2r:.

While a variety of littcice isplaicivc transformatons have been tdenitificd in different inorganic maitrials lirnvcn
1982. 1988). thc mariensitic phase transformation that occurs in ZrOj is most widely used for toughening. Zrx.
undergocs several phase transformations upon cooling from the mielt (Subbatao, 198 1). At least threc crystallographic
modifications exist. which powsss cubic (c). tetragonal M) and nionoclinic Cmn) symmetry and arc stablc at high,
inmediatec and low temperatures:

melit cubic w~') gragonal ( )monocli nic

the ?high temperature c phasec hais the fluonte stnucture il'tim. whereas thc other rolymorphi it. P4:/nine. mn. 2,,
.uc distorted vcrsioni or this %tnucturc (Fig. 2.1). The t -o in transformation i% tftnmcnic in nature iSubhiran l911l.
Banisal and I lcuer 1972. 197.1).

Tough ZrO. alloys typically contain fine t-7.:02 particles within a ceramic matrix. For such materials. the
inartirnsoc $=a. Nt%, temperature is Suppressed below rom tempecrature. Also. ihc manenisitc transformation within the
tZrQ2t particles can be induced by stress. especially the stress field associated with ~Iropagafing cracks. This
transformation is thc source of toughness in ?.rOl.containing ceramics Ilcuer and hlobbs 1931. Claussen. RUble and
I leuct 198-1. 1Icucr ct al. 1986. S~miya. Yanainoto and Illanagida 1988. Green,. lannink and Swain 1989. Garvic.
I lannink and Pascoe 1975, Evans and Cannon 1986).

An imporimn theme will be thc difficulty Involved in nucleating the mantcnsitic phase. with emphasis on
nucleation in small particles. Such nucecation and growth aspects of martcnsitic transformations. while traditionally of
great concern. have been u ndcrcmiphasi zed !n many treatments of transformation. toughening in eramics. Furthermore,
since growth velocities of manenrsitie interfaces approach the speed of sound. the nucleation step in the t-4 mn
transfiormation of ZrO2 is of primary importance.

Several types of microstructure can be used as a basis for Zr.toughencd ceramics Z7TC). Of particular
importance arc two different compositions. materials I and 11. shown on the phase diagram (ig. 2.2). Matcenal I nmay
be densificd in the t.ZrO21 phase field and cooled to room temperature R11). Then, provided that the grain sian is less
than the critical size required for the transformation, a single-phase t-.Z02i material may be produced ("Tetr:gonah
Zirconia Polycrystals:" TZP). Composition hI (rig. 2.2) consists of t.Zr02 in A~ cubic matnix. Generally, these
materials are sintered in the cubic phase field, but on cooling to the two-phase field, the ittrgonal phase: formsma
precipitates. The size and size distribution of the tetragonal precipitates depends on the therml treatment in the two-
phase field. The t.ZzO2 precipitates, when small, remain tctragonal upon cooling down to very low temperatures (liquid
Ilec). This class of material is referred to as partially stabilized zirconiA (PSZ). The shape of the t.ZrO2 particles depends
on the stab'iting agent (hI cuer and Hobbs 1979, Claussen. Ruhile and IlIcuer 1984. Green. hI annick and Swain 1989),
Cenversely, large precipitates transform thermally to m-ZrO2. Finally. T2P may be used as one of the components in a
comnosit material. Such materials are referred to as ZrO2 dispersed ceramics (ZDC). The predominant system is
A12O3.ZfrO2 (tirconia-toughcncd alumina. ZTA). The size and distribution or the ZO02 regions depend on the
processing conditions.

The t .-4 m phase tranisrormation (ig. 2.3) involves a set of transformation strains that increase the volume and
change the shape of the particle/grain. Isolated grains invariably transform provided that the nucleation conditions are
atisld. However, for grins embedded in a matrix. strain energy changes tend to oppose the transformation. Then,
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Fig 2.1 Schcmanc rcrscauon of the three zircon:a polymorphs: 2. cubic; b. tetragonah. c. mnoclinic. Their spacc
groups arc =ni~e.
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Fig. 2.3 A schcmatic representation of thc zirconix phase transformation. The normal phase transfornuaion to
monoclinic is represented by going from A to B and indicated thac the zirconia particle undcrgoes a size and
shape change. The mat rial surrounding the particle will oppose the transformation and it is the strain energy
that is involved in this constraint that allows the tetragonal phase to be retained. As shown in C. the
transformation from A to C can be aided by an applied .tress.



tor the transformiation to procced. the system has to be "supercooled" to sufficicintly increase the chemical driving fore.
The retention of r.t0 2 to room tcmpcrawurc can be controlled by several niicrostnicturil and chemical factors, such as
grain size and alloy content.

The mlcrostnctures at these materials can be cliaracterized by methods which depend on thc level of resolution
required toorilic identification of structures and morphologies. Usually. electron optical instruments arc needed. roe
example. scanning clcctron microscopy has allowed thc detcrninatlon at the grain sizes and ot phases in ZrO2 materials
down to dimnrsions ot aboutO I.Jim. whereas trnission clectron microscopy (TEN) has allowed thc identification ot

phases and detccts to the atomic lcs-el. Some typical TIIM micrographs obtained toe MIg.PSZ ZTA (with lntercrystalline
anti iniraceys;talline Z0 2.) and Y.TZP panteles arc dcpictetl in Figs. 2.4-2.6. Majoe detects is these materials, such as
dislocations and precipitates, have also been analyzed by conventional TEMt tIlirsch et a]. 1977. Rtuhlc and Wilkens
148~2. Rcinice 198-1). while analytical TEMt has allowed the characterization of chemical composition with high spatial
resolution of - 4nmi 0 leen. Golstein. Joy 1979. C-Serton 1986). Finally. high-rcsolutioi TEM 0! IRENI) has allowed the
detemination at the atomistic structure, whertin experimentally obtained Imnages have been compared with results at
image sitmulations using specific models (Spence !988. liuscec. Cowley and Eyring 1988).

2. 1. The Ctblect-*Tctarnnal lPha4? Tranitormatinri

Pauling (1960) provided a set ortscmiemnpirical "rules" toe predicting crystal structures at inorganic materials
based on radius ratio (rewj)~ considerations. AX2 compounds with large cations and radius ratios approaching I
should have the fluorite structure, whereas those with small cations and radius ratios < 0.4 should have tetrahedral
coordination and crystallize with one at the silica structures. lntcrmiedlatc-sized cations should form AX2 compounds
with the rutile structure. The radius ratio tor ZrO2 in eightfold coordination Is 0.59. This radius ratio is much lower
than that tor other materials with the fluorite stucture (CeO2 0.68, 110.1 0.70. ThO2 0.75. Car-2 0.85, 1 lgrF2 0.86.
CJP2 0.88. SrrF2 0.94. etc.). Consequently, pure c.ZrO2 is stable only between 2370*C and the melting point at
-2680 0C (Smith and Cline 1962). The Instability of c.ZzCn_ at lower temperatures does not lead to a rutile torm oftZrOi

because the Zr4* ion is large. Instead, t. and m-ZrO2 forn at progressively lower temperatures. Bo0th at these
polymoiphs arm distorted versions at the fuorite structure (ig. 2.1).

The electronic structure at both c- and t.ZrO2. calculated using quantum meehanical cluster techniques, yields
additional insight into the stability at these polymorphs (Storinaga cc al. 1983. Jansen and Gardner 1988.
Zandichnadem ct al. 1988). Stich calculations reveal that t.ZrO2i is moire covalent than the c-polymorph: 28 percent
and 12 percent. respectively. The higher covalency at t-750.) leads to a larger band gap and a lower center at mass
energy at the valence band. Consequently. t.ZrO2 is generally more stable than c.Z0O2. Hlowever, at elevated
temperature. c-ZrC}. is morm stable because it has a higher enitropic contribution to the tree energy.

Virtually all the rare earth ions in solid solution reduce the c -;, t trtrisforn~tion !-cnmptraume eAditionilly.
when ZrO2 looses oxygen, the c phase in the resulting nonstoichiometric Zr02-, has a larger stability field
tZandichncadem 1988). Quantum mechanical calculations by Morinaga ct W. (1983) and Jansen and Gardner (1988)
show that there is a Large change in the electronic structure and in the energy ot the vinee band as anions are displaced
tram their ideal fluorite positions. Consequently. since the charge compensating defects in both rare earth doped and
oxygen deficient ZrO2 are oxygen vacancies, it is likely that the stabilization of c.ZrO2 is related to local structural
relaxation around the anion vacancies (Morinaga ci al. 1983).



rig. 2.4 TEN micrograph of a Nig-PSZ ccr~xnic. 'Me grain site aft he cubic =ix is - 5QW±m. S null precipitates ~
visible.



2.5 a

2.5 b

ig. I.S TBI tvcwzaph or in A1203) tcruinic continin. dispczscd 7502~ paudce
Wi Inmgular-sh~pcd. (:ccutcd 2102 pancls af ntcrrystIainic;
b) RepbIr-shiaptd 2102 p~iclcs aire innuicrystalliinc; the orintat2ion of thc panaticc is random inside the

=iunx.



Thcc stAhliwm cca an minikcst in ihc phws diapsrnS. Stubican (19$81 dcscnbcs ihc exact solubility of
%t;O in iti. and (-t~ with fca~ootbk ectiainty i Fig. 2.7).9 Comncricly. the details of phasc ciquitibti3 in ?4)~fCI
3itc dusic. 11him last miacmpt tStubicin 1981) h3s bCCA 111C SUbjK( Of fOur rcVISIOnS intvOlvin$ C1hCft he
Co"Iton (r ,CMpucrs of dc invanan ctaXCMi and the stability fCIld% O( th In tmictliic compounds. Ov.CA l~O
Wdi 6.-*rjO4 'n mosi t icnt diar shows thi 41 and 61 arc stabkc below 123S aWd 135,C. rCsPCCuivcly.
Aikl1k tcuCWd is a( I IAWC and 17 mot%~ CaO. Moninag ct 31.0t983) Wn Pascual Mnd Duran (1983) poin;cd out
that uaantly Wxits in thc Y,-Oj'ZzQ $)Stem Many of ihc pnttms arise from the use of CLassikal tcchniqucs with
PO'N Span tial AutIwn. I twrmorC, the frtc cncrgy. composition cwtvcs arc relAtively flat.

CEnhancedl preision is illustmitcd by studics of iubsobidus equilibria using analytical Ocieron mictoscopy to
titennnc 1hk compositions of the cocaisstil; t- Wn c.xOl with high spac~aI resolution and with c ibrtimd stanards to
tdc~cnnnc absolt COOnntiaons IRuhle Ct al. 19814. Lsnici ct a. 1984). The d-112 (Fig, 2,S) obmincd using crystals
kvoniastng 6 or S wt% Y2.Oj. grwn by skull nxltinq and 3ancakd for hl; timecs Wtwccnct I 30C and 1600C havc an
absoutc uncertaintyt 0 .216 and represtnt thc best dcrmnittoo to date of subsolidus phase equilibria in a ceramic
%N-strnt in which both coeising phams sliow alprecnAbc solid solubsliy

Ue krd.hpcd t.Z102mitw found in Lhisaloy amconsistent with the goxnetncat Umrfoimatmo ieosy 0( Khrhaiuri1n I 1983),
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Fig. 2.8 Zir,:onia rich end of the yttijL-xirconia equilibrium disgmrn. The equilibrium compositions were dtennrinedby eney dispersive x-ray sscoroscopy.
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2.2.2. Strain Fields

Strain fields that occur in association with 7J.20 particle$ arc impotant to the transformation. as elaborated
below. Consequently thc local strain field in the ma rix surrounding a zirconia particlc has been examined by I IVENI
tRUhle and Krivcn 1982. 19fl13). The strain analys-ts was performcd at intracrystalline. rcgular.ihaped. spherical afid
slightly ellipsoidal t.Zr~j particlcs comipletely embedded In the A12.03 matrix. Extended contrast fringes arc visible
around the embedded particles when the matix is imaged under t:.bam dynamical diffraction conditions. By Imaging
thc A1201 surrounding the particics with different diffracton vectors (Fig. 2.9) and diffretnt oticntations, it was
dzcmcrn~d that an xnisotropic strain field surrounds the t*Zz(~t inclusions and that the pzxlicle is a center or dilatation.
The strain anisotropy Is attributed to the anisotropic thermal expansion mismatch.* Preliminary experiments correlating
the strain field with the interrnal orientation of ictragonal phase (R~hie and Knivcn 1983) are consistcnt with the
hypothesis that maximum misfit with respect to the alumikna matrix occurs along ct. Comput-cr simulated images fromt
contrast calculations based on the above model match well with the observed tctragonal strain field (Nladcr and RUhlc
1982. Matter 1987). Additionally, approximate contrast calculations conducted using elastic dipoles yield misfit
parameters which agree reasonably well with those expected from the misfit strain (RUhlc and Kri%'en 1993. %12dc,

1987).

Transformed particles are internally twinned, leading to very high displacement fields localized at the particle.
nuttnx tntcedac(ig. 2.10). A scmtiquantttive analysis by Rtlhtl and Krven (1983) and Nladcr (0987) indicatcs that
the particle is a center of compression due to the volume incrt-asc and that the strain field symmetry axis is perpendicular
to the internal twin plane. T'he tz. irformation and deformation twinning mechanism for a transforming ZrO2 particle in
an A1203 suggested by the observations is summarized I- ig. 2.11 (Kriven 1988).

7 bc specimens uiere fabricated in equilibrium at - I SOC.
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Fig. 2.9 a-f) II VEM analysis of the anisotropic strain ficld in the alumina matrix surrounding an irttagranular t-ZO-
panicic which fonned a center of dilatation at room temperature. The panilc was imaged in bright field and
dark field modc? under two.beam dynamical conditions with the planc normals (diffraction vectors g)
indicated.

'. 200nm

Fig. 2.10 IHVEM micrograph of strain fields due to internal monoclinic twins. localized at the panicle.matrix interface.
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a.Ala03 matrix (Krven 1982. 1999).

2.2.3. Nucleation

Theli nucleation or tnanestc can be treated using cithcr a discrete analysis with the mrtnciurc of the inasicnsitc
pliaw or by invoking aI gradual. diffuse transition. In the romicr. classicil approaelchtheincr1acial andstrain cncrgics
aJ-suiatcd with ntaftcnsitic nuclei prevent their forming by conventional matistical fluctuations (Jinmogenmflht
nucleatioai. Possible sies for Jiaerto.eneais nucleation ("embryos) art thlis infrrd (Knipp and Dchlingcr 1956.
Kaurfnann and Cohen 1958). For steels. a dislocation armay susceptible to dissociation has been proposed as the
ctttbivontc nuclcus (Olson and Cohen 19RI, 1982). ror such a case. the ftee energy function d~escribing thc formationi

oa nurinstte nuceus of volume V and Interfacial area S can bc expressed as

9 n " +'(8' + Sl" + gch) V+ Sy (2.2)

where gD is the change in sel(.encrly of the dislocation embryo, gt the interaction energy with the nucecus. gch the
chemical]4re eCnetgy/unit volume accompanying nucleus formation, tw~ the strain energy attendant on formation or thc
nucecus and y the parenithwunnsite interfacial energy. gI can b expressed in the form

9 11 11(2.3)

where a Dj is the prior stress field associated with the dislocation and CThunosrietasoraontan.f
ET is an invariant plane strain. as must approximately be true for any mazlensitic reaction, the nucleus is expected to be1I
a thin plate or radius rand sernithicknecss t. for which

g511 K 1/r t2.4)

where

K~,j = t[4 i-h (2.5)

where g± and V are the isotropic shear modulus and Poisson's ratio, respectively, and yt and En thc deviatore and
dilatitional components or ET. If the nucleus is coherent. y consists of a "chemical" term, whereas if it iS



.semicoherent. an additional term due to the short-rantge stress fields of inicrfacial dislocations must also be taken into
accounft.

A plot of trends In X with n. thc number of atoms in:a nucleus (iag. 2.12) illustrates the basie fc~tures. Frr
hotmogeneous nucleation, Ago represents; the activation energy necessary for a structural fluctuation to achieve: critical
cmryo size no. As already mentioned. Ago for hotnogcncous nucleation is ver> ',rgc. because of the magnitude of the

strain and intcrfacial energy terms in Etqn. (2.2). Chcn and Chiao 0983. 1985) vciied for the ZrOj transformation
that such nucleation Is esentially impossible. When strain "embryos" wre present. a much smallcr activation barrier mauy
exist. Furthermore. in principle, the dec interaction can be so large that "b rfierOS" nucleation IS Possible.
I lowevecr. as claboratcd below. this nuclcation trmcbaism serns unlikely in 7402.

A mnmchitsicaI ti fornatito (Fig, 2.1.1) rciluires a diffuse lntcrfacc betweeti parent and transformed lattice is
propowd 1wv Cahin andi Hilliard 019581. 'Me transformation may be nucleated if lattice anharmonteity leads to
in'tibilitics. fircrerentially activated at lattice dcftst; thi'. Process has been termed localized soft mode" d.SNI)
nucleation (Suzuki and Wuttig 1975). Such Iransformations arm likely If one or more elastic constant has a marked
tempeirature dependence as the transformation temperature is approached. Soft :nnet should occur near free surflcs
(Clapp 3973). as well as adjacent to rain boundazics and interphase initfaces, anti be encouraged by strains arising
from coherency, thermal expansion mismatch. etc. (Guinin aq'd Gobin 198 1). Nucleus formation occurrig at locailzed
soft modes adjacent to t-ZrO2 initfaces providecs the best rationalization of available data, as elaborated below.

I) Tetragonal ZrO2 Polycrystals (TZP)

In 7203.eontainit'g t*ZrO2 polycrystals (Y-TZP). the t.Z102. grains art :5 Ipm in diameiter And constitute
S80 percent of the microstructure: in some samples. c-.Zz0 2 grains amt present. All grains arm surrounded with a thin

continuous amorphous phase (RUhle ct al. 9984). No Srain boundary dislocations can therefore be present.
Neverthelss, such boundaries are sites of localized residual stresses arising fromn the thennal expansion anisoa'vp of t
Z1 O2 aa = 7.1. lO1-6r*C and U.c - 11.4 - 1061'C (Schubert 1986).

Y2O3 is a very effective stabilizing solute and increases the difficulty of rnrnsite nucleation. Among other
man tfestadons of this difficulty, the transformation zone fouqd from in situ crack propagation experiments in the IIVEM
(see Sect. 3)? is discontinuous. The relative stability of t.ZrO2 in this system facilitates study of the nucleation process.
Specifically. Rithle et al. (1988) have shown that t.Z02n can often be made to transform during TEM observations, due
to stresses induced by electron beanm heating (ZrOz has one of the lowest thermal conductivities arn)ng inorganic
crystalline solids). Nucleation is found to occur preferentially at prain boundaries and grain corners and it is possible to

photograph various stages of transformattion. Typical examples are shown in Figs. 2.14 and 2.15 (RUhle ct al. 1988.
Heuer and RUtle. 1985). A typical essentially-featureless high-angic grain boundary exists at the beginning of the
experimecnt. After a short interval of electron irradiation, strain contours develop at a specific site along the grain
boundary (the arrowed features in Fig. 2.14b). These strain contours oscillate during the experiment, and sometimes
die away. Occasionally, however, a small lathe cf martensite (m-ZzO2) forms out of *' - oscillatory contours and
begins to grow across the grain. (Figs. 2.14c and d). It is notable that the strains close to dis .gat*ons, small-angle
boundaries and stacking faults do not act as preferred embryos. For example, Fig. 2.35 is a bright field/dark field pair
showing several martensite lathes (the arrowed features). One of these nucleated at a grain facet and grew completely
across the grain. The second had nucleated at an otherwise featureless site at a grain boundary: Note that these

IThis is quite differnt tram dispcnion-wxghw*ed ma prccipitation-toughened materals. frv which imfoffm zones 3djacnt PrOPIgadng Ccks
are the nule (R~ble ci al.. 1984).
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Fig. 2.13 Classical and nonclassical nucleation paths. A nucleus of site n' or the mancnsidc phase is characterized by

11 =1.
a) ThU classical path.
b) and c) show two examples of nonclassical paths (Olson and Cohen 1981I. 1982).



Fig. 2.14 Nucleauion in Y41ZP. (a) At the beginning of the expcrimnn. nji defects or localized $train contour, are
visible on thc grain boundary, but develop during irradiation, as shown by the arrowed region in (b). O0i
continued irradiation, 2 mnartensite lathe (a m-ZzO2 plate) develops [the arrowed feature in (c)] and grows itto
the grain (d). Bright field elccuon micrographs.



nucleation cvnts occurrd at rain boundaries. d&spltc the presence both a small antle grain boundary (SAGB) and a

mIcknfl fault (SF). This mode of -ansformation may differ from that found in bulk ricrials due to the lack of

constraint aWforded by the free surfaccs in thin (oil cxperimcnts. Vcvcnhclcss. the oscillatory "premonitory"

phcnomcnon shown In Fig. 2.14 is precisely that expected for the I-SM model for the nucleation at a strain

concnwatlom

Thc expected strain disuibuuon in a cuboidal particle (an akquic model o(a grain in TV) embedded In a solid

possessing both elastic and thermal cxpansi" anisoeopy (Schmauder ct 4l 19184) includes logarithmic singulantics at

edges and corners.t Consequently, the expectation for o( achieving a critical strain over the nucleus volum increases

with increasing gVain size. qualitatively consisent with a paricle size dcpcndcnec of NI5.

i' Dispcritloa Toughencd Ccranics

In it! lipcontouglhcncd ceramics t7TS. ZTA. ZTM.). the difficulty or nuelcaton is round t. be greatcr (or

rounded pa cs embedded In a grain than (or (acitd particles at pain junctions. Additionally, the nucleation dOr culty

increases with decrtasing pariclc size and. furtherino. coffelatcs with the thermal expansion mismatch to the nuatix

phase. Thus. t.ZzOi, inclusions am particularly stable in spinel (RlhIc ct al. 1994). Conversely, the avcrage thermal

expansion coefficients of A120. ar less than, thoe of pure t.ZrO2 and the latter is in residual tension. Consequently,

Inltcrranular 7JO2. particles in ZTA have a wll.dcfincd critical particle size (lcucrct al. 1982): M, is above room

temperature for virtually all particles k 0.6jtm (Fig. 2.16). The stress concentration at grain faccts exerts a critical

Influence on marnnsitc nuckation In thesc mtrials (as the particle.matrix interface is the only "defect" visible in the

TES). However, spherical Intragranular particles ar extrcmely stable up to 24m di3ctcr and can exhibit an Mt

temperature less than 20K (Heuer ct al. 1982).

ii) Precipitation-Touhcned Ceramics

ili t.Z_.O2 is present as coherent precipitates in panially.stabilizcd ZrO2 (PSZ) and it hs been suggested ICucr

and I lobbs 1981. RUhlci and lc uer 1984) that the size dcFcndcncc of(NIs is related to loss ofcoherency dunng extended

high.tcmpcraturc aging: the intcrfacc dislocatons actinga s sties for hctcrogeneous nucleation. lndccd, Chen and Chiso

t 1.31 conclkd that a single screw dislocation with 10011 Burgers vector should sufice to nuclcatc the transformn on

it room temperature. I lowever. virtually *11 PSZ ceramics studied to date in the TC!M have been csscntially dislocation.

free: dislocations could not be imaged even at precipitte.nmatrix interfaces. Thc role or dislocatons as nuclei thus

aplears ambiguous.

Additional aspects of the nucleation emerge from consideration ot transformations In Mg.PSZ. The t.ZrO,

precipitatCs in this material are lCndcular In shape (Fig. 2.17) and the tctragonal c axis (c) Is parallel to (100) of the

matrix. The aspect rado of the particles Is about 4 and can be rationalized on the basis of Khachaturyan's theory (1983)

for the morphology of tetragonal particles precipitated coherently from a cubic matrix. Specifically, the tetragoiality of

t.ZtO', in Mg .PSZ is large, 1.021 (Green et al. 1989) and the oblate paicle shape minimizes strain along ct. However.

the paniclC tips ar: very sharp, as visualized by comparison of the actual panicle in Fig. 2.11 with a perfect ellipse of

the same aspect ratio. The sharp tips, combined with the aspect ratio, minimize the net coherency strain energy and

interfacial energy accompanying precipitation. When coherency is lost, the misfit dislocations must have a significant

component along the ixis of greatest misfit such that 10011 edge-type dislocations on (100) plants should be produced

$ The sutain levels in (weud paicles ae nt sensitive to the actual grain shqpe.
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Ng 2P C in pain of t~g/.% prccipomct in S~.PSZ with an W*Lc cdiposd hWing the %amc pincipAl m~c%

ilteur and ktghk 19X4). Such dislocAllon difr'r from the aray of 10011 scrcw dislocations on3 01 I0 slip planc

vgulatmd by Ch n vd Chno (1983) s the nuclekting dc €€.

The size dependence o( %M (or t.Z.O: panicles Is pronned in NIg.PSZ. Panices o( the type shown tn
Fig. 2.17 have M% < 6K (ltucr ct al. 1982). Coa r:ning during aging causes the pazncics to lonitc ard N1% to
rapidly increak; Mt fw ovcred pankiclcs can rang to > lOK. rFunmmoe. the aspcct ratio conclaics with the M .
Specifically. Mg.PSZ solution annealkd at 2073K, cooled r3pidly it) mom tempcraturt ad aged at 1673K for variout
times rcvcaledthat samples agrd for four ho:urs or less hd dM 1 below -oom temperature. whilk .% was - M7SK for six
hours aging and - 725K for an citht.hours aging. These results seem mnost consistcnt with the LSI model with
nucleation faili tad by residual smuss conmcntrtions at sharp parick tips.

'lic rcoresponding u e dep endcncc for t'.tO. in Ca.PS7. in which the paiclc arc cuboidal. is i ilar. This

im.ilanty ix probably cotncedcntal. because the volune s in on prccspit iton is stitllcr in C,4.PSZ than in .,-I-SZ
1 1. Pi% and * I.9 rcspctivciy), due to the nwkcd dilTcrencc between the tonic radit or Ca- * and Nli:!- il kcur
and Ruble iJ4,t. Ilowvcr. the.c volume strains arc nodified by the thcmial expansion misniatch Ketwecn c and t,
/ %O. such that tl e stress c.oncntrtmon at cub.id fa ets in C ,PSZ is lc.%s than at the lens tips in M N,.l'. Th' net h rciut

t a sinuliar cnitcal panic dimension in the two systems.

The corrcsponding critical size In Y-PSZ Is mlativcly large. but has not been rigorously dctcrmincd. Both the
tctragonality and the volume strain on precipitation are snall, 1.008 and + 0.02%, respectively. Also. Y-03 is much
more soluble in t-Tz02 than cithcr1,'l;O or CaO. Finally, the precipitate morphology is unusual. as the t.7O. exists as

twinned "colonies,' thc twinning serving to funhcr reduce cohrency strains .wt.. Khachaturyn 1983. Lantcri t al.

1986).



1. IN SIT/UOBSERVATION OF ThANSrORMAllOS

In VtuR straining cxpcrifmenU peformed in a high-volt•c €lectron microscopc with cracks intrduccd during the
dc(ormation reveal the p-,wcsscs occuing around crack tips (Rhlkct al. 1984). 17.P, PS. and Z'TA materils havc
been studied. For studies on 7A. thc AIOy7JZ)2 powders were milled for different times to vary the ZrOz pamkilc
sircs. The size distributions of the Al.,O3 and 7.102, U well as the fraction of ZtO2 particles with m symmetry were
detcrmined by TEM (Fig. 3.1 and Table 3.1). Specimcns were carefully polished to a thickness of 40 to pm. By a
special ion thinning technique, two clon ed holes with a transpautnt ridge between them were formed (Figs. 3.2 and
3.3). The transparent area was photographed and the I.ZiO2 p.icks idcntifiod. The specimen was slowly strainrd
inside a high.voltage electron microscopc at a constant te(c until a crack was Initiated, usually:: ,a re.ion of highest
stress concentration such as a thinner area in the ridge. The progress of the crack could be stopped by ceasing to apply
furher strain. The t-ZO.2 particles were observed to transform suddenly (Fig. 3.4) ahead of thc crack tip, at a distance
dependent on the size of the paricle. to form twinned monoclinic particlcs iFig. 3.5). After thc relicf of the applied
stress, the reverse transformauon could no( be observed.

The spatial distributions of zirconia particles which transformed ahead of the crack as it progresscd through the
mnterial is summarized in .igs. 3.5 and 3.6. The general shape of the transformation zone could be outlined
(Fig. 3.6), although its dimensions were dependent on microstructure homogeneity. Clusters of zirconia particles
which were susceptible to transformation even at larger distances from the crack, modified thc shape of the zone. Thc
expected transformatian ahead of a crack tip within a well.defined transfonation zonc was thus experimentally verified.
Furthermore, the zone height could be evaluated by investigation of the t -4 m transformation in thc 100lm long wake
of the crack. The results are summarized in Fig. 3.7.
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Table 3.1 Size range of the different size groups-logarithmic scale

Size group Lower bound Upper bound

(JIM) (Am)
2 0 0.10

3 0.13 0.13
4 O.Ix 0.24

0.24 0.32
6 0.32 0.44

7 0.44 0.59
8 0.59 0.79

9 0.79 1.06
10 !.06 1.42

I 1 .42 1.91

12 1.91 _
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M. .2(b) Spci~men and straining stag fr in situ suuinin experiments: ScIi le ~ho spcen lder.
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711C results Ol in situ %totlning cxpcri-nns (or Mg.PS and 17P ccraics revealed that those ernics, fri a
vt ) mirrow tmranorniation zone. I lOwtvcr. matiAl opu1mizution leads to larger widths as detected either by nmr
Raman pcctrm~opy (Clazc and Adar 1982) (v by OPtical techniques (S wain and Rose 1986).
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Fig. 3.5 Sequence of trining experimentis. (a) TEM micrograph taken prio tos saning. No m*cO Inclusions are
present. (b) Crack starts to propagate. The crack is marked on all miciographs. (C t (f) Straining
experiment. Crack propagates by increased loadig. t*Zrz inclusion Amsorc torn symmetry.
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4. TRANSFORMATIONTOUGlIENING

The stuss induced transformations that can causc significant toughening include mancrnsitic (Evans and l cucr

1994) and f(rroclatic (Vrrr and Maisumoto 19116, 19118) trnsformations, as well as twinning. The formcr Involves

both dilatational and shear componcnts of the transformation strain, while the latter typically have only a shear

component.

At the simplcst level. transfonoation toughening can be rcganlcd a a pr css dominated by a volume increase

tdattional msus-frcc strain C Li tcc Fig. 2.21 Then. based on simplc conccp s. 1its% apparent that a stress induced

frontal process zone must have no effcct on thc crack tip field and thus, initial crack growth must occur without

toughening. Fig. 4.1 (Mcictking and Evans 1982, Budiansky ct al. 1983). 1lowevr, upon crack extension. process

zone clcmcnts unload in the wake, hysteresis occurs (Fig. 4.2) and toughening develops. given by.

a (4,1)

where & is the critical mean stress for supcrcritical' transfonnation. This steady.state level of tougihening is aitamncd

after substantial crack extension. A directly equivalent result for the increase in critical stress intcnsity factor, ic..caKn

be derived by considering that a residual compressive stress created within the transformation zone. This stress inhibits

crack opening. resulting in crack shielding such that,

A,=0.2E T I ,/h' l - U)

where E is the composite modulus (McMenkin and Evans 1982).

Evans and Cannon (1986) and Green ct al. (1989) compared the theorctical predicted values with experimental

.,ata based on actual zone size measured in steady-state (Swain and Rose 1986) (Fig. 4.3) and revealed that Eqn. (4.2)

consistently understimatcs the touhness. It has been surmised that the disparity arises becau.c shear effects have not

been incorporated. One hypothesis rtgarding the shear strain Invokes non.associated flow (Evans and Cannon 1986).

Specifically, it is presumed that the shear stress dominates the nucleation of the transformation, but that the residual

strain Is predominantly dilatatlonal, because of extensive twinning (Evans et al. 1981). This premise results in a zon,:

profile, in plane strain, with diminished transformed material ahead of the crack. The resultant toughening exceeds

Eqn. (4.2) and furthermore, agres quite well with experimcntal data (Fig. 4.3). 1lowever. the necessary zone shapes

are no( consistent with experiment. Some inconsistency thus remains to be addressed. and other mcchanisms, such as

twin induced microcracking, may also be Involved (see section 5).

The zone size h represents the major microstructural Inflluence on toughness. Clearly, h is governed by a

marnensite nucleation law. However, a fully validated law does not yet exist. Consequently, connections between h and

the microstructure still cannot be specified. Nevertheless, certain trends are apparent, based on the frcc energy of the

fully transformed producL Specifically, h invariably decm.ss with increase in temperature -and decrease in particle size.

A temperature and particl si:e dependent toughness is thu: in itablefor this mechanism.

'Supcrcnucil trers to the condition %khercin all panicles within die piocess zone fully u-nsfon.
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Fig. 4.1 Transformion zones illustradng the dimensions used in describing the tnsromtion toughening process: a
frontal zone and a steady-state zone for a dilatational driven transformation. R-curvc for zones with
intermediate profiles is also shown.
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Fig. 43 A comparison between theory and e.(rimcnt for various partially stabilized zirconia materials: Aj rfers to
a zone shape dictated by the. equivalent stress, whercas AKd rcfers to a zone shape governed by the mean
stress.



Constutuve laws exprcssly rlait the componcnts of the mucsa and transformiuon strain icnsors in the
Irn lniing solid. The strcsses arc moat convcnicntly expresscd in tnei of the mn s t, 0. .ihe iterig
C'. $,1 a ay - 81) U.. andlor the equivalent stres. at. x I and thcr varix;ion dorin;

tranifoniAtion. Such rMlations are. il fact. the cquivalent. of the norc (a tltar con uttvC laws used to dcinbe pllall
t1krinration and cack tip ficlds in clamic/plamic solids. A viable con ,, ,mt law m1iust z,:<oumt for the effect of pmuclc
WC.e and ,hal'c upon the incidence of transfonnation by allowing only a ccrtain fraction. 1. of the solid to actually,
tran.ftxrn at a r iwn impowd stress oi, Thec simplcm yeel cntenon has the form itCici and Rcycs.lorel 196.

.hIm 11 .mul r ar.w cicin n all dticvintincd not1laling riancici mat de'nl c ni f. t ,I p ll l1 *aQc
ll'Imimnil l 'rmclnd list IS/ adl .17 11icn and R"Ce M1 rI l'a. .C tc l lk icwnl *lih th1iiiattlll.11o5
nditiI. llowcvcr. knowledge of the ncldCallon is not yet stuillicicll to allow 11 and T to Ie cxrrlcsd c.plicilly in

teno1 of these vmablc..

'nie prcceding constitutive laws provide the basis for detnining crack tip OIds mi:d hence. for predicting trends
n transformiation tmughtnin1 , as discussed below.

McMcckinj and Evans 01982) pointed out thati he gencral form of the crack tip rcss ficld in the presence of a
transfotnation zone. depictcd in Fig. 4.4. Is characterized by two stress intcnsity factors. Outside the zone, for snall
mcale transformation (i.e.. a small zone compared with crack length and specomcn dimensionsi, the fld is given by the
linear .atlie solution th <r a)

all K 14.41

where ". is the stress Intensity dctcmiincd by the applied loads and r is the dima-n c front the crack tip. Closc o the ltip.
the transfomiatton strain is sturtcd and hence, the material is again linear and can. consequntly. be characterized by
another stress intensity factor Klip, such that

11c coefficient. G'.,j, which depends on polar angle, approaches that for elastic momcnals when 81 u is small.

Thc transfomation nu thus be chj.nActcrized by a stress intensity change AK. defined as

AK = Klp-K.. 14.6)

When Ktp < K.,. the rransformation :one shields the upfrom the applied loads. The fracture behavior is governed by
the values o Kup and K.. at the fracture criticality. Knowledge of the stress in the intervening regions is not required
for analysis of the toughening tBudiansky c al. 1983). Specifically. the near tip field provides a plausible crack
extension critcnon
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7h c magnitude o(f .U vdaon y depends on h shape of the onc and on the compo nts or the trnusfoin at on
hatini tnsor. Irntially. at i p ee tinnt nsire d dicrack in n wtu tonn omed paren. such tha a a o dMteveopss

the lom n i omposcsd. Sub >quently. a tatsatc h= of untiforr width ever the crack surfaces Wi. 4.11 is

c%.mtntd. MO i" tcc anp Evans uI9921 have l hown that the ASK cvels are different for these two zone
configuration%. resulting in R-curvc effects.

Fwntia M= When the log.rag strain field of the transformed prcks is purely dilatational r.e.. an
extensiely twinned particl with uniform twins and thereby no Iong-raogc shear satni the mean stress my dicute the

!hapu of the transtomation zone, which then has the shape depicted in Fig, 4.1. For this condition. AK n

I lhocwvr. :n ihape efects may be important when the zone deviates. tot some reason. from the simple dilattonal
shape. Such effects might arise because transformed dilatant regions alead of the crack 9 < W1 provide deleterious.
r!.iii vc AK contributions K1 ia K.*1). whereas those regions at > 913 provide negative contibuions.
Consequently, it. tot example. the zone prorate werfe determined solely by the dcviatoric iresses. AK < 0 and
appetilek toughening would exist. Such eftects might ansv. when transformation occurs by an autocatilytic process. in
the form of shear bands emanating tirom the crack tip (L amromiolo,. 1986).

St&stt =m. *The calculation of AK~ for the steady-state configuration is. igain. most straightfotward tor
ttepurely dilattonal tranifonntion. For this case. when the transformation does not rverse in the -Aake and when all
particles within hs are tratsfsoni'ed. the plane strin zone width tot 5mall-ak transformation is

(Mc~ictking and Evans 1982. Budiansky ct :1, 1983). The corresponding extent of crack shielding is given by
Eqn. t..

= -o 0 f - vi/(1 - v). (4.10)

The superentical plane strain toughness can thus be expressed in the following forms

AK, = 0.22Efcr.V /( I- v)



or

C, a (N'i/12x)(I + V)i//C'T(I - ,,

or

KK. - (,,,iT/2x)U! + v.)Ef/€ a(I - v)i"'. tS.12)

If the tnuforantimn is not activated by the hyduoic crack tip fii, but Insicad occur% in sl r bindi, inclin d
at - 913 to the crack plant (n :P : T In Eqn. 4.3). all of the delctcrious transformations itn front of the crak are
c:..lutkl. A't .sh'ln h' evaIns and C'auton ul9A 6t. the supcntnnical .,1, then Inrerases to

,.1 - O.38I/c[',J'h'l-,,). I

7ewpftfik comziderwmo wic :hs t prime bpma~c im dktnrimg the nusgrnik of th srtaf rmun icqivimxg.
For conditions of plan gs, the %oVc widh is lidic1ed to be snmalkr. causing the toughness to diminish.

When th nv formatlon m is nt sall. the zone wkith Is affected by the previously tansforned material and
Eqn. (4.9) does not apply. In this case, a numrcrkal solution has revealed the trend in toughening ra1uo KSIC0 with

EfcT/e depicted in Fig. 4.5. In particulu, it 4 noted tha "lock-up' occurs (Kc -4 so) when Emc/C - 30.
1Ws phenomenon. firt ecolnizd by Rose (1966) has been clabonied by Amuzigo and Budistsky (19l

4) Conusaon Inter-As

or the frnuil zone. the volume clement within the zone do not experience unloading. Consequently, the path.

ndpekt J-in tpal appleis and the relation

- v:)K2 /E (4..0)

pertains for all line contours around the crack tip. Funhemxre, since thc c:astic properties or the transformed and

unransfonned n icrials am essentially the sam., contours arouid the tip (living Kup) and remote from the tip (giving
K..) yi Identical values of K: *hereupon Kt, m K..

Conversely vhen a fully devcloped zone exists (Fig. 4.1). the miaterial within the zone. behind the crack tip.

has experienced unloading and a Path indepcndcnt J does not apply. In this caw. the appropriate conservation integral.

1. has the same form as J at the; tip

I = (1-Y2 )K' /E (.5tip (4.15)

but rcmote from the tip

I - (1-v2)K!JE-2fjU(y)dy
0 (4.16)

where U(y) is the residual energy density in the wake. Equating te magnitude of the conservation hitCpil for the near-

up and remote paths gives



9' K' ~ yd + sA)dy(.17)

111e Iigral in IJ(y) cant be simply related thet eintal $WStr-Strain Curve M11g. 4.3). SpeClflelIIY. Mkfiri 1n the
PfNxw zc'c undergoes a complete loading and unloading c~ve s the ckmnt traslates from the (M(n 10 OW: Mear of the
crack Lip dluring crack advance. I lenice. ch ckniIn the wake is subject to the residual saes work contaied by the
hytcrcii kmAp ifig. 4.2). Conxctunily. by appreciating that the wAke is subject toea rcWtu3l Copson the residual

~tq~ ktiwcnbe ratyeautdatldankcit.1,M1.).

U4s 20 -Cw/ B) ~9 0-V) 14.19)

*kem B* is the slope of the stress-stn cumv of the transforming material. The three terms in Hqn. (4.18) deoive
from the areas 1, I1 and IIl under the stress-srain curve depicted in Fig. 4.2. The liter two terms canedl when

Of -2E/30 + v)

U-4013 j.0

3nd Eqn. MI.1) (or the tgheiiing is then identical to Eqn. (4.1). Thtis condition (or 8* bL9 been determined to
coincide with a(t the unzzd" condition (Budiansky cc a1. 1983).

Wi) Sub-crttical Tra~nsf ations

The preceding discussion has referred exclusively to supeecriticAl transformations, wherein A'. particles within
the zone transform. Such behavior is only observed in PSZ.. More generally. subcritical transformation occurs.
whereupon only a fraction of the phase transforms. Sub-critical transformations are characized by a transformation
slope BO > - 4W/. Some typical results determined numerically (or the dilatational transformation are plotted In
Fitg. 4.6 (Dudiansky et al. 1983). In these Instancs, the overall transformionic mechiaism is Important. in the sense
that the shape or the stress-strain curve Is dictated by the nucleation. growth and twinning churateristics of the
tnannsite.

Alternatively, sub-critical tougheiiing can be characterized in terms of *he distribution of trunsformed particles
fty) as a function of the distance y from the crack piane. "his formulation is particularly uscftd because f(y) can be
determined experimntaly (R.Ohle et at. 1934). The so~lutions can be straightforwardly evaluatcd from the supercritical
transformation solutions by considering the contribution to AiK from each pans of the distribution tMcMeeking and
Evans 1982).

iv) Resistance Curves

Resistance curve behavior is inevitable in transformation toughened materials. because initial crack growth is
largely unaffected by transformations produced by the stationary crack. The slope of the resistai~cc curve (the testing
modulus) is governed by the current geometry of the zone, which depends on zone evolution (Charslambides a.,d
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MeNecking 1987, Budiansky 1989). Consequently. toughening curves can only be calculated by applying lncvmenWa
crack growth methods. Such analysis reveals that the zone initially widens as the crack extends and eventually reaches a
steady.sa crack width (Fig. 4.7). "hre actual zone morphology and thus, the shape of the. resistance curve, depend on
the transfomiaton criterion sad on the flow nule. Calculations based on a dilatational law indicate a large tearing
modulus and a peak prior to s4bdy-sm (Fig. 4.8) (Stump and Budianiky 1989). The peak is most pronounced for
suprsitical condition when the zone height is large. The existence of the peak is no( physically obvious but may be

rationalized by appreciating that the rising resistance curve and the ste3dy.ste resistance have a separate dependence on
the frontal zone shape evolution and are thus not uniquely connected. The occarrcnce of a peak fracture resistanco,
coincides with a peak in zone height. Such zone height peaks have been observed by experiment (Marshall et a). 1989).

The resistance curves are also dcpendcnt on the length of the crack, resulting in smort crack effecis which
influence trends in srength (Stump and Budi&asky 1989). For crack lengths in the range a h. interaction between
the zones at the opposite crack tips reduces the zone shielding.
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. IICROCRACK TOUGLI NG

1lure.ch t 1975). 1 loagland c( al.( 1975) and Evans 19761 postulated the phenomenon of ni,:roc rck tou Shening
nore than a d cadc ago and indeed. a range of" materials exhibit tends in toughness with pariclc ic. temeraturec - ..
quiltat:iely consistent with this oxchanism. Ilowt-cr. as yet there is only one fully validated example of this
ncchanism: A12O tou;hene with ifonoclnic 7rO tRUhIc ct al. 1916. 1987b). Trhis material is discussed in
Sccnon .;.. The fundamciiitl premise conc crniag the mechanism is depicted in Fig. 5.1. Micr'racks occur within
regions of local residual tcnion, caused by thermal expansion mismatch and/or by trans(ormauon lEvans and Faber
198)4. llutchinson 1987). The microcracks locally relieve the nsiduaI tension and thus %=tse a dilatation governed by
ihc volume displaced by the microcrack. Funhernore. the microcracks reducc the e ,,stic modulus within the rncrak
process zone. Consequently, the elcnntal stress-strain curve for a mi.rocracking solid has the form depicted in
Fig. 5,1. The hysteresis dictated by this curve, when the microcracks arc activated by the passage of a nacrock.
contributes to the change in toughness. as elaborated below. Ilowevcr. this contribution is par ially countcractcd by a
degradation of the matcnal ahead of the microcrack. The full e.tint of the degadation is presently unknown.

The crack shielding can be convcnintly scparated into dilatational and modulus contributions. The iotnir
depends on the proccss zone size and sh.',e, while the latIer depends only on the zone shape. Th,= diluat, .aIl
contribution has essetially the same form as Fqn. (4.2). llutchinson .1987) showed that for asymptotic supercrih'al
conditions,

AK, = 0.3ZEOT-" (5.)

where OT is now the misfit strain caused by microcracks (analogous to .c r in Clqn. 4,2). Following I lutchinson
S19,-7) the asymptotic m ulus contribution is

where kl and k2 depend on the microcracking criterion. In general, the iAKc duc :o dilatation and modulus effects arc
no( additivc: interaction terms are involved.

Comparison between theory and experiment has been made for the AI2OySJO2 system (see Sect. 5.4). For this
case. the contributions to toughening from the dilatation and the modulus arc evaluated as - 2.5 and 5MPa'/m"
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respctiely ~o~wd itht ru~. eonpostc ou~ncssof 6N~aVi~.While this comnparison is reasocuble
andapeai t vI~~t rnct~:rcLrA as the valcnt joitShcning mechanismi t is etnphasixdc that pres nt

undcrstaiding of( rucroctnAck to hening iv, in,omplee. !r, particutar. interction e(fects betweeni tht modulus ind

the cxpenn~sta diOi!invol-.e4 it- dewecorn truie rtrcks,* the tc'kcco(miuocrack tou~hcoing In oter ortanivc

~Jtc ptezi~y drmcn~l e~ure nof r.izck aoi&ghnS is the Incidence o(themWe mkroc-acks at the Llarev
p iccin arz' distn im~n rRohle ek 31. 0117lb) Such :'cks can he stren~ih limiting. resultial in material that is

the w'c dijrbwtiion of tha rrnforcing panicieL. jt!tt bcreaah the critical i4ae for 'irmarcl .n u .tymdrtclgh v'drcco uhsrnt Imtnwrick qte sgen 4o

,rie rcductaot in elittc intyiuti c.-usd by ;nkctomks. .-s w4l as the prme1net strai COvcd by rekas of;
residual atrwss depend upon :nilestrcturc. Ch'.rctcri,;ic crasstttutivc laws are illustu~rcd for two mmportant cs
:onun of sphlac~i nca ,icls %u*jC,, to C11ther rest.dual tension tic residual Conipmeson. For the (onice C44j. the

miurmcnacks occur wthin the pwarci whik (or the lzter, the mauix tkvcekps inlcr~xraks i Fg. S. I)a. Rcsults for these
cases have bocn derived (or ziaterials havir.: hoiiogenous elastic propenies prior to mitrocracking. For rarticles
siobjectw: rcrnd~ia tenstwi& in whicht ;ereiy-saed microcricks forms IFig. 5.1), the volume of cich opened macrocrk
is tlHutchtinson 1987)

0lutchinsot. l 9S7. Evans 2nd C~nnon 19S6) wher

0" .2 ec"/9(-v) 5.4)

R is t4e particle radius and ,It, the misfit strain between Faniclo and matr-ix. This volunrc Incrase dictaes the
pennanent su-n. rx that the r,47rucknmisit strai becomres

where T N (RJ) Is the number density of microc-acked panicle"t with N being the number of mierocracked
panickes per unit volume. Solutions (or the elrstic moduli of tracroicrackcd bodies establish the modulus effect
fliulchlason 1987),

C/;= I +(32/45)01- %) (5 -v0q/0 - v)

BAI - +(16/9) 0I - V') q~/0 - 20) 15.6)

whcre the box refers to microcracked maitrial. Based on thec above characteristics, H~utchinson t1987) showed that the
constitutive law has the forn

*Typseal tesiduz! ciack operning ae < nm.



citWI a - P Okka1 + O(T/ 3 )61,

F ' iwkks in rildI C#, iioAt. the caidsp €n5gcostive law depends sensitively on the eponsc Or
thei ntcdac io the microcrack. For th one material siudkd thus far (Al.OiJ1r.), some debooding occurs a the
interfacc rir. 5.1) and the bakpic iers deiived for the microcracks are:

r ,, 3.6(u 5 /R)rlf, ISM

%here t is the residual micrcaxk opcning ofO thinterfac. as a(ced by thc dcbomd kngth. d and

'Ahr c is the mkirocrck kngth tFig. 5.1). The above results may be used in conjunction with Eqn. (S.1) and 15.2) to
predict toulhenin. as discux d below.

5 " Tougheningt Model

The crack tip fields and the stress intensity factors for mcmcracked materials have the same general form
described above for rm-sasfonrations. However. for miemcntcking, i is expedient to sept the contributions to K"
from the modulus reduction and from the residual strain (Evans and Faber 1964. Hutchlnson 1987). These
contributlons addidve when s KJC/K Is small. Otherwise. Interaction effects arc Involved and specific solutions

mus be obaied numeically (Chwarambides and ,,Meeking 1987).

The contributioa to Kop from the residual field has precisely taken the same form as that associaed with

trans'orm ons, but with /c T replaced by Or. This contribution thus depends on one si n shape, as in the caue of
transformation toughening. For example, when the microcrack nucleation condition involves a critical n suesw the
steady.stat shielding is.

AK tipeM - 0.40E 6T'ih" (5.9a)

whik for a critical iMM stress.

A p , -0.32E O T-, - (.9b)

(Ilutchinson 1937). By contast, the toughening Impared by the modulus reduction dkpemd" on -one s ea^, bwu nor on
:on si:. The size independence arises because the "inelastic" strain caused by the modulus reduction is itself 'oveined
by the distance from the crack tip. Values of AKtipIK can be obtained by simply inserting GIO and v into Eqn. (5.2).
Typical results for the steady.uatc shielding am, for a critical normal sutess and penny.shaped microcracks

AK VK = -1.4211 (5.10)

Resistance curves in microcracking materials also have many of the same features as in transformation
toughening, with the difference that the modulus contribution has a weak influence on the tearing modulus. Numerical

simulations of resistance curves are summarized in Fig. 5.2.
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kuhk ct at I 997bi pcritimid imctooiroctural and miciceraking studis 4m monui ZTA mak-nAl Wherein th:

rriowistn of 7.sO2 themuivlly transformed to the mowolinic phasc wat %-;tred between 14 and 77%~ W,:. 5,31
Trininmlk electron incro'vpy IM Y4"jJ' revealed that in these matenals all Zao., Paniks and Al.QO fraills are
Ixcttcd. that the YA)i particki wre iikrvatallioc and that puan boonduics and interface boundaies~ tcunrticd
11v 4n aimwphotas laver iClrk 19791. The six disiributo ofthe gains and partces have been ,,ieasiored in (otils up to
11 X1m in tikne wit the radii sepanad ink) tiikreni nonlinear sine grop% using the %Ylw fuactom per ome gPC"
.Ath ttinai"3c ira.S5Ji WjQ, particles %%tA radii be > 0,t'Jim were (Ound to be tionlinie and kontained twin

*ataltl Iii.U1j.al o%'kn~rj4 % wcrc UIIsV iih',ctv r kijbtwen nxknt'tiu; /zI0% raticsand she At( I I t

i%;4cvrwk *vt also detected. temfte (tmn the mxorc Wig SAI Th wt invariably aSso1ctd with large
ttw-tnw. /Z*Qs particki the largest having a diamcte of - 7JAm. These ;rack% domnate the itivngth. te~ulting in
owvjli les% than tho~ip rent in the ptedonttnatly teragonal mateal~ Wi.S'j

Miatrix miciactackmig cauwd by the growth of mcmitac was studied by Mrparing thin foilsi atour istAtco
(tom -.n auctrack to 1. 1 S. 1 anti 6Ipm) Radial matri microcacks were obsctived. as e~cmptticd in Fit, 51,

%ll such ra incrocrcks oc.imd along Vain bounatie in the Al.-Ol. Usuly. the interface between the AIAO and
1.0, w~v aleb*nde at the origi of th nrrmck (Fig. 5.1). MT detctability of adial miecrrcks depended on their
lwIe4ilai with tec" to.-he im-oeing elctron beam Trends in the visibility of rrcks upon tsittng around One
41Ss (igl 5.9) Indicated thmt W001 in all directions would be needed to detect each miciocrack present in the foil.
Il&tvc-, itn i~ tte TEM~ is limited to :t451 In all directions, so that only 0.3 of the solid angk is covered.
I herefore. the (wrAta tittable wicracks is limiftd to - 0.3.

Sub.,,ct to tlna detectability limitation.'"rg region o( TEM (oils of known thickness have been investigated.
Oac cs.bPk ist shownt in FIg. 5.1to. wbhett, all mioacks observable under different tilting conditions ame mAtkd. It
i% noted. on average, that at least to u rtirack.s emanate fromn each m.Zr, particle. In most cases, the: micwtcacks
ttnute cat the Al.O1 graIn trip'.zunc~tions. The associate projeted length. 1. of each ntictocrak has been rmasrd11 ~ ~anti related to the r"dus. b.of the ociginating nsoclinic Zao. particle (Fig. 5.11). Additionally, the residual opening
of the mi-rocracks. 3 !#as hven tietermined at the 7A>., particle intersection. where the opening is usually largest

FAU.51)

Th,4 utility or rnii.eocraek length measurements Is facilitated by defining a representative geometry and
dtericing the related miaocrack densit parameter, hauodticed by Budianslty and O'Conell 11976):

wlier, N is the number of mncrociacks pe~r unit volume and c Is the relevant micrak dimension. Evaluation ofthe
microcrack profiles oi'iervcd biy tilting suggests that each ZrO2 particle is circumvented by a radial microcrack
tFig. 5.13a). consistent wi,.h the symmetry of the residual strain field around each particle. The model depicted in

ins. 5.13% av-1 5.13c has thus bcn used4 for further anlysis.
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Fig. 5.6 A TEMmrvculing a hcirnuly induced microcrack ac a Igc hcrniaIy innsrfomed moroclirn.: i 2 panicle.



I-It. 5.7 A TL'4 miciiopu mftw a t~ yp~cra .cmk in te ptocss mW.

Mig. 5.8 A TEN micrograph showing thc debonding of the interface near a microcrack.
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FiR. 5.13 The micncrack model used to measure cak densitis and to analyze the changes in cock volume and clatic
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mechanics model.
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where g(4) - 3.g-2. The appropriae vlues of the paamcers in Eqn. (5.l) sec: 1.I. 1b - 0.03.
G * ISOP. Es w 0.15. Consequently. (or the material containing 77.*m.ZtO2 th 71m), the rcsidusl
strain reduced shielding is. &d - M 25 ± IIPai. The modadu. reduccd h .hAng depends only on X for the
;ompostl and on C1. With Cs * 0.15 and 4 w 1.4. G.'10 is obtained from Eqn. (5.5) as 0.4. Then with
K a .c 6hPaq'I;Fi. 5.1), thc modulus shielding is obtaincd from tEqn. 5.31
as % Kt 5 . 2Pa4. Simple addition of the dilatational and n ulus contributions would indicatc
toughening Age a 7.M PiNN . suffikint to account fully for the measured toughness Kc 6tPav. It should
beapprcciac howcvcr that thc Individual contibutons to the shielding are relatively large and addifvity is not strictly
v.alid. Interaction cefects hould be taken into account bcfcxe morm rie -ous crpirisons between theory and expcnmcnt

Are =tempted.

It is of iniercs to noic that., the modulus reduction and dilatational contributions to the shielding arc simalr in
miagnitudc. This is important because. while the former contribution cannot be readily changed (being governed almost
entirely by the saturation microcrack density, Ej. the dilatational contribution may be cnhanced by increasing both the
pn.cess zone size and the mierocrack density within the zone. This may be achieved by control ofthe m.ZrOz particle
szc dismbution. through Its influencc on the nuckition of the microcracks.

A number of substantive problems cxist in the analysis of mictocrack toughcning; both experimental and
thcoretical. Among the problems arc - poor fundamental undcrstanding of the degadation c-uscd by the microcracks
directly ahead of the crack front and limited knowledge of the interactions between modulus and dilatational
cctributions to crack shielding. as well as expcrimental trcrocrack dctectability limitations in the TEM. These topics
require furncr study before authortativi, conclusions can be reached regarding toughening in ZTA and beforc
predictions of toughening trends can be coni .mplated.
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6. DUCTILE REISFORCEM ETTOUGIENING
6.1. Sxneeit

Ductil reinforcemnts may profoundly increase the toughness. One contribution to the toughness derives (tmn
crack irapping (Rice 19118), anmher Involves crack bridling (Krssic 1983. Sig ct al. 19811, Ashby ct al, 1989.
Bd1an~ky etal. 1916) and yet amter Involves crack shielding and plastic dissipation associated within a plastic zone
tMarshall et a1. 1949). Expcrknce and analysis have indicated that crack brding is usually the most poen of these
mechani m: a reuth dt can bI appeid by realizing that the only ductle regims which experience Cxtene plastic
trin (much larger than elastic strains) ae those segments that stretch between the crack surfaces in the bridging sm c .

"e plastic dissipation In this zone can be relatively large and prvxe a major increase in toughness.

Thc nticn:nl systems th:ut exhibit plasticity induced toughening have three distinct microstrulur s: isolAted
ductilc rvinrrccments. ints nctratcne networks and a continuous ductile phase. The former is cxempified by ductile

fibcr tiling and Groves 1972. Cooper and Kelly 1971, Gerberch 1971) by Nb alloy plates in TiAI (Ca et al. 19119)
and. probably, by fcrritc In the quasi.leitAge of seels (Oloaland et al. 1972. Gerberkh and Kurman 1915). An

cxamplk of an Intcrpenetrating network is Al alloy reinforced Al.Oj produced by the Lanxlde method (Newkirk et al.

1966). The continuous ductile network case includes mos meud tmax composites and. probably, cemented cabides
(Saein 191111). An important difference between the two femer microsmctures and the latter concern the poen"a for
plaste swain in the composite outside the bridging ligaments. Plastic main in the former is limited by elasic strains in

the elastic network (Si et a. 1908) leading to bilinear stess/saxin charActerstics. Conversely, a composite with a

continuous metal network Is subject to non-linmar power law deformation and can experience substantial plastic satin.

Consequently, the potential for appreciable plastic dissipation within a plastic xonw Is much greater for the latter

m-osauctum Attendant dliffernces in toughness optimizaton may thus exst,

The predictive design of micostructurts having high toughness is still in the formative stages. Nevetnhelkss,

somc importantidcations a unequivocally provided by the bldging models. Most importantly, s ing sems to
be cxipionally beneficial. Additionally, small incoheret precipitates that induct bukning while maintaining good
ductility a advamntgous. Furthermore, lag diameter reinfo.'ements ate superior. lowcver, in practice, an optimum
reinforcement radius Is expected, because of the increased probability of having relatively large had particles that limit

ductility, as the radius increases. Limited cxperience indicates that this optimum size is in the range 10-10011m.
depending upon the ductility of the reinfotutment.

Understanding of the toughness gencrated by ductile ligaments is contingent upon the law that chtractetizes the

stress/stretch rel.;sion. t(u). Insights regarding the parameters that affect this relation can be gained from 4implified

analytical models. Complementary numerical solutions then allow determination of specific trends. Budiansky ct a!.

(!.88) and Rose (1987) analyzed csallkscale bri.uingz. in which bridge length is small in relation to crack length,

specimen dimensions and distances from the crock to the specimen boundaries. The stress/stretch relation t(u) depends
strongly on the node of failure of the ductile ligaments. A salxaIl yielding analysis indicates that t should increase
rapidly with hitia crack openkng. A I= sag ia ncking analysis then reveals Lhat, without debonding, the stess attains

high initial levels because of the elastic constraint of the matrix, but should decrease as he crack opens and furthermore,
should depend sens'alvely on the work hardening rate. Thes: simple results already provide the important insight that a

cAk sicss exists zt j. al crack openings, such that the plastic dissipation is dominated by the large strain (necking)
regime (Figs. 6.2. 6.3). The importance of interface deboydine thereby becomes apparent, because dbonds reduce the

constraint, but increase the plastic stretch prior to failure. Numerical solutions obtained with prescribed initial debonds
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establish the salient twends (Fig. 6.3). Notably. in the important range 0 < d/R < 2. the plastic dissipation Incrass
sysiemratically as d/R Increases. Furthermtore. if the debond evolves during crack opening. the dissipation is further
enhanced. The above pedictis wre generally similar to experimental measurements. which con firm large stressesat
small u and Increased dissipation when debonding occurs.

6.1 Toughgnin.

The toughness attributed to bridging, based on Eqn. (0.2). can be re-expressed in non-dimensional frm by
nowing thai the flow stress scales with the uniaxial yield strength. Y. and that the plastic stretch Is propot Ia to the
radius of cross section of the reinforcing ligaments. R: consequently (Sigi ct al. 1988. Ashby ct al. 1989). the
asymptotic toughness is.

SYR = 161)

%%here Xis a 'work ofrpture" parameser thm~ depends on the critical plastic strech uc (or ductility) of the reinfrl'icmnt
and on the extent of interfae debonding. d. Values of X have been obtained both by Calculation (Budiantsky et al,
1988, SigI et al. 1988, Mataga 1949) And by experiment (Ashby ct al. 19119). based on determinations of the ame under
the stress/stretch curve for the reinforcing ligaments (Fig. 6.1). For a til-bnded interace (d -- 0) and (or ductile
ligaments that fail by necking to a point, the resultant trend inX with work hardening rate n (Fig. 6.2) Inicates that X is
in the range 0.3 to 1. Len ductile ligaments that rupture prematurely by profuse hole nucleation have corrspondingly
smaller values of X. Systems subject to kdmon exhibit larger X and ipproach 6 for debond length d o oeder 1-2R.
Experimental results have indicated that trends In X with d ame reflected In a plot of X with relative plastic stretch .adR
(Fig. 6.3).

The basic non-dlimensional solution (Eqn. 6.1) can be used both to rationalize toughness measurements and to
develop a predkctvt capability. For purposes of the former. Y and n can be Inferred either from a TEM characterization
of the mlcrostructure (Flinn et al. 1989) or (mrm microbardness measurements (Elliott ci al. 1988). while f, R. uc and d
can be deermined by quantitative SEM of the raicture surface. Estimates of the ductility can also be obtained from SEM
measurements of the plastic stretch (Flinn ct al. 1989). Such studies performed for composite systems In which ductile
failure occurs by necking (A1203AI and TiA I/Nb) Indic=~ acceptable agreement between themr and experiment.

The basic characteristics of steady-state toughening by ductile bridging are given by Eqn. (6.1) with the
attendant implications for the strength and ductility of the reinforcement and the debonding tendencies of the interface
discussed above. However, steady-stat is preceded by a resistance curve. Calculations of resistance curves
(Budiansky et al. 1988) for a Dugdale zone it-dicate trends (Fig. 6.4). but the predictions have not been verified.
Simple analysis also reveals that the slope of the resistance curve diminishes as the debond length increase.

The contribution to toughness from plastic dissipation within a plasdc :one is less well understood. Preliminary
calculations of plastic dissipation (Sigh et al. 1988. Charalambides and Mataga 1989) establish that it is dominated by a
narrow strip near the crack pla3e in which the plastic strains are large. The consequences ame that the dissipation
depends sensitively on those microsmauctural features that establish the cut-off distance. As yet. there is no clear
understanding of the appropriate choice for this cut-off. This behavior is very different from transformration toughening.
which is governed by the zone height, because the transformaton strain is uniform and prescribed.
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J. -'tNerirntntil OCewvcwe

Whik many brttle tmteials are toughened by a plastically deformbe component. and while many experiments

have been perforMed in an attempt to in understanding about the toughenlng mechanisms tViswanadhanm ci al. 193.

Almond ct al. 1986. Sarin 1911). controlkd experiments have only recently been devised. The latter expcnmental

i brvations. which lead to quantitative insight into mechanisms, are emphasized below.

6.4.1. Compositc CylinderTests

A compostitc cylinder test specimen (Fig, 6.5) suitabk for simulating toughening (Ashby ct al. 1919) consists

ra ctwcntric cylinder with an outer brittle matrix bonded to a central ductile reinforccmcnt. The spcimcn. after

;. : is circumlerenumally nehcd and tnracked up to the reinforcment Irccra:kmg is st ghiforwad for lead

itttll a 1 .WW WtighOiON 16 d ,ltlkr uhhy ci atl 9N9). but tiore ditficult for the rclatvcly tough TAt rcmfnorcd

gttli .h i(Jo c al, 1'.9Sh) ,\ Iey C€pennicnl variable is the notch gcoimneuy in the vicinity of the wire. IPrrak,:tn

ii rilitaid by a deep notch with a low Oank angle which tiermnatcs close to the wire interf(c. Ilowcvcr. in order to

xccurately simulate the bkhavior othe rcinforccment in the actual composite. it is also important that the itamx maitnm

m rn m degee of elasti constraint, which places limits on the notch width and the distance betwvcn the roch tip

and the wire inteace.,

11cmdlc tests on the composie cylinders resulted in the stressidisplaccmcnt curves deptctcd in Fig. 6.6 tCao ct
al. 1989b). For TiA! specimens containing Nb reiN/orcmcns (Fig. 6.6). the -"work of rupture" X varied bctween 1.7

and 2.6 for different notch geometries. The difference is atuibuted to the incidence ofa load drop during preerscking

-,hkh invalidates the est. The result without the load drop accords well with the work o(rupture, plastic strctch relatlo

awcnained for ductile Pb reinforcements In glass (Fig. 6.3).

The intcrfacial regions studied using a variety of analytical and election microscopy techniques revealed no

reaction products for glasst. The variation in debonding is related to contamination and to process conditions. In the
case of TAI/Nb. a brittle reaction product forms (C phase) which controls the dcbonding behavior at the interface and

thereby governs the work of rupture X.

6.4.2. Composites o(AI293 reinforced with Al

Composites consisting of A1203 reinforced with an Al alloy network processed using the Linxide method
tNcwkirk ct al. 1986) investigated by TEM (Flinn c al. 1989). as well as by SEM of the fracture surface, revealed

several salient features. Bright field views provided information on two important characteristics: precipitates
tFig. 6.72) and dislocations (Fig. 6.7b). The reci~itjtel exhibited a bimodal size distribution. The larger precipitates
(median diameter - 100nm) contribute to void nucleation upon ductile fracture. The smaller precipitates (median

diameter - 20nm) ar potent dislocation pinning sites (Fig. 6.7b). Analytical electron microscopy using X.rays (EDS)

has provided information concerning the character of the precipitates. The larger precipitates contain Cu. Si and Fc in

addition to Al with tmce amounts of Cr. The smaller precipitates are predominantly Cu and Al. The n1auix contains
omeMg and Si in solution. High resolution images of the interface containing lattice fringes in the AI203 (Fig. 6.8)
show no evidence of an interphase between the Al and AI2O3. This latter characteristic is confirmed by analytical TEM

which indicates that the alloying/impurity elements (Cu, Mg. Si, Fe.) have concentrations essentially identical in the
interface region and elsewhere within the alloy.

The SEM investigations of the fracture surface have provided quantitative information about the plastic Stretch

and the extent of debonding (Fig. 6.9a). Also, various modes of ductile failure have been identified, as also observeo
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on PtWla. Spedctically. failure o(axtsvnwnsic reinforcement zones often invlves the nucleation of3 single hok of
the ccn -r o( k nck whoch nidly expands to ( 3lur. In sox Itncs. panticks arm spparent at the ba s of t(h hoks

iFng. 6,9b1. Ths panics am - lO0nm in diameter and probably coincide with the larger AtIC le Si precipitates
ihkntCied by TEM.

Sterto mcasuremcnts used to evaluae thc plastic stretch to failure, u*. and the interface dcbood length. d.
revcaled that the normialftd D uk gwidc, uOR varied appreciably between lisamcas. ranging from uj*1 - 0.9 to 2.8.
llowevtr. ther was no systematic dcpndencc on tither the ligament dimension R or the aspect ratio. All ligaments
have thus been used to provide a cumuLativc dismbution. such that he mean sitch is ulK m 1,6. The d
kUniJh als hat appreciable variability and ranges between dIR - 0.1 to - 0,5. but there is no discernable dependence
tv Iapcct tMth. Pic m"dian value Is W|NI- 0.2.

The1 %itopg n.atn btwcen thcory and c.%Vcnncnt i nxiIt rvctlly 3chIcvcd by rccxprcsstni, ltn. 16.1) in the

x fGRX(MR) 16.2)

To use this result. 0, is rirst obtained. followed by evaluation of X. using */'R. and ACj€ is then examined for
conststency by comparison with the experimentally dctcrmined value of 150-200 Jm- (Sill ci al. 1988). The yield
strength eas he evaluated by noting that AI-Cu precipitates behave a.: impenetrable obstacles, as evident from the
observed dislocaion pinning (Fig. 6.7b). Consequently, their influence on yie.lding should be represented by Orowan
hardening (Dieter 1976);

F aGb +, (6.3)

where co Is the yield strength in tension. b the Burcers vector. X the spacing between precipitates and Os the
'ontibution to the yield strengh from solution hankning by the Mg. etc. Using literaturc values for as (- 70MP&) and
Inserting the precipitate spacing measured from Fig. 6.7a (X, - 100nm). the yield strength Is predicted to be:
'o a 22OMPa. This value is comparable to typical values quoted for Al alloys precipitation hardened with Cu. The

plastic stretch to failunm, u- / 1.6 indicates that X is in the range 2-3.5. Substituting the above values of Oo and
X into Eqn. (6.2) and noting that f a 0.2 and R . 2.0gm, Aec is calculated as 170-300 Jm- 2. Consequendy,
there is acccptable agreement with the measured value of 150-200 Jm-2. Such behavior is consistent with the
Interpenetrating nctork mirostructure which limits plastic dissipation In the plastic zone.

6.4.3. Cemented Carbides

Two toughening mechanisms have been invoked for cemented carbide materials: dissipation in the plastic zone
and bridging behind the crack tip. Bridging ligaments have been observed directly in WC/Co (Sill Ct &1. 1988) and
zone sizes measured. For reasonable choices of the flow stress of the Co alloy, the contribution of bridging deduced
from these zone sizes is found to relatively small (iAGc - 40Jm.2) compared with the overall toughness
((jc - .OOJm'2).

More recently, Marshall e at. (1989) have reported measurements of plastic zone sizes in the range
h - 40p.Lm. Furthermore. opdcal interference microscopy has indicated that in.plane residual strain exists in the
plastic zone, which is approximately constant over the zone. The relationship between these strains and the plastic
dissipation in the plastic zone is not yet apparent. Nevertheless. it is reasonable to suppose that the dissipation is
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7. FIBER/WIUSKER REINFORCEMENT
7, 1. Sygom|

Practical ceramic matx compothe reinfied with c doinAwatfhe exhibit imptant fallure./amle behavior"
in mode I. me II and mixed mode /fl. as well as In ompresslon. The failure xqunce depends on whether the
Nanforeemnien iS uniaxial or muloaxial and whether woven or lamnated arKcecurs are used. h owever, the auiidvfng

filwre processes are illustrated by the behavior of uniaxially reinforced systems. The basic features, sketched in
Fi I. 7.,. provide some basic rules that govem", ghness." The composite propenies ar known to be dorinaled by
the Interface, and bounds ns be placed on the terface debondinl and sliding resismme In order to h 5 compite
with atwve mehanical properties. The stong dependence of ccrarc matix composite proertes on the mechanical
pnVpents of thc interface generally demands constdcrailon of fiber coatings and/or reaction prduct layers. Residual
%rox.cs caused by thermal cxpantm d(ffcrcn- are also vry important.

The specific microsmwctural parameters that govern mode I failure ar the rlative fibcrmaunix Interface debond
toughness. rr(/, the misfit (thermal expansion) strain betwctn fiber and matrix. cf. the friction coefficient at the
dt:onded interface, p. the statistical pa.2aews tha" chauaxtieze the fiber streSth. Sq md m. the matix touhness rx,
and the fiber volume fraction f. The preequisit fr 'toughess' is that rgrr Z 11 in order to allow crack front
dbonding (Fig. 7.2). Subject to this requirement. the misfit str3in must be small(cl Z 3 x 10'3) and preferably
negative. such that the Interface is in tension. Furhermore. the friction coefficient alg the dcbonded interface should
be small. The ideal fiber imperd-s Include a high median strength (large S) and large variability (small m), as needed
to encorage lar pull.ou klngths. When ri/rf and A are bot small, experience has indicated that the tensik
stress/strain behavior illustated in Fig. 7.3a obtains. Three features of this curve ame important: matrix cracking at 2
sues Oe. fiber bundk failure at G ad pullu-o. Conversely, larger rir(wW and the sus-trin curve to becme
linear (Fig. 7.3b). The ultimit sirngth then coincides with the propalo of single dominant crack.

Present understanding o(debondinl is consistent with the following sequence of events during mami crack
propagation. Initial dcending along the interface a the crack front, requires that rVT' be small enough to le wthin the
debond zone depicted in Fig. 7.2 (Ile and lutchinson 1989). Furthermore, the extent of debonding Is typically small
when residual compression exists at the inteffic, but can be extensive when the Interface Is in residual tension and the
fibe ame smooth. Further dcbonding is usually induced in the crack wake (Charalambides and Evans 1989). (Fig. 7.1)

he extent of this debonding is governed largely by the residual field. Residual radial tension results in uns tblc
conditions and encourages the extensive debonrding of smooth fibers. Rcsidual compression and/or jA irregular tiber
morphology cause stable debonding (SIgI and Evans 1989). with extent determined by the friction coefficml€ t and the
roughness of the debotded interface. Subsequent fiber fracture Involves the statistics of fiber failure (Thouless and
Evans 1986), subject to an axial stress governed by the sliding resistance of the dcbowded interface. me above
sequence suggests that, while debonding is a prerequisite for high toughness, the properties of the composite ae
dominated by the sliding resistance of the dcbonded interface, which dictate the major contribution to "toughness.
caused by pull-out. The locations of fiber failmu that govern the pull-out distributions can be determined from the
stresses on the fibers, using concepts of weakest link statistics. Analysis of this phenomenon has been performed for
composites having dcbonded interfaces subject to a constant sliding stress r (Thouless and Evans 19U). The magniude
of'C governs the load transfer from the fiber to the matix. Large values of T cause the fiber stress to vary rapily with
distance from the matrix crack and induce fiber failure close to the crack, leading to small pull-out lengths, hp.
Conversely. small t results in largc hp.



Various obscrvationi of cruek Interaction$ with fibers arc supportive of 'lie above Fula$ in prticeular.

c:%pcmcnIS on lass and X13%s ceramic matri comiposites reinforced with SiC fiber% reveal that niaterials with 2
V Initlayer yvatssfy debtonding rcqumrsents (Fsg. 7.4) and also have smtall T and thus demisratc cxtensivec pull-Out

3IIhal Evans IM1. I'rcwo and flrena 19112. C40 et 3t. 198i941, Conversely. moiposstes hav'ing a continuous
StC) 1,;,Vr between the matrixand fibecrexhibit matrix track extenision thr.ouxi the fiber without debording 18isceff
vi st. l'1h). Caoci at. l992i ilig. 7.5). Expeniments on thesecomposites and on whiskermrinforceticorrlpItics also
%otsiinit tho. strong in fluece tif a c otably. sysiems which debond but do not lde readly because of eiher: high
friction cotfictent or morphological irregularity exhibit small pull-out lcngths and moderate toughness. Such behavior
t% xemplified by LASI~iC oxnposies with oxide interphases and by various whisk~er reinforced nuterials. respectively.

.41 %1t~te lo 11C400044Iir INIj A114ltflg r(.;UtreNIMtt While theC 0iUqtMII e" .'IttnIpr'-;4 I'I011 Ij:tII IN~ tISUMl

itng pxvs"sg. Iowevecr. the pfrncipal challenge: is to identify an inrco~:ing that has the rcqiwite mecchanical
rfices while also being thcrtoodynanuically stable In air at elevated temperatuires. Mtost existing~ eonpositCs hive

cubr CorII~asthedehndta~r.I lowever. bo,,N.matenal s ace pronec to degnadat ion in air at elevated teiperatrs.
More stask alternatives havc teen proposd (e.g.. Vb. Mo. Pt. iAhi but not evaluated.

7.2.1. Crack Opening

The mechanical properties of uniaxially reinforced ceramic matixs composites arc largely governed by the
reationships between the opening of a matrix crack. u. and the stresses. t. exerted on the crack by the Intact bridling
Qibrs and the failed fibers as they pull-out. The traction t0) is well known for composites in which detbonding occurs
easily Naey smrall rgT1) which also slide easily ag the deboned intcrfc (smull U) For other cases. reliable t(u)
functtons have yet to be elucidated. Easy tkborsding and sliding provides a crack opening function that depends on the
sgn of thc misfit strain. as wecll as the toughness of the debond intcrfacc. through their effect on the sliding rsistance.
Ror initanice, sliding can be described by a Coulomb friction law

T a il 7.1)

where IL ii the friction coefficient and o., the sniinal tcaitd,-A! catiptesixn normul to the interibee. At the simlplest kide.
qv is setby the residual misfit strain anid :hk fbltcoating noirphology. such that T is essentially invariant. In this-4,23e.
prior to the. incidence of fiber failure. t and u ane related by (Marshaill ci al. 198S. Budiansky et :1, 19.46)

t 2fE t * (1/2 12

E,0 - L R 7.2)

Expression t7.2) has been used to describe the inechanical behaviors that obtain while the fibers are lacoIy intact. At
another extreme, when 2ll of the fibers have failed, the traction on any fiber is (Phillips 1972, IT-oultsi, 'dEvanslI9S)

%here hs, is the distance firti the matrix crack plane at which thai fiber fatled.
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.%Ire difficult prnblcni to add~ress cw-cer the ncidencc and location of fiber failure. ihtS Wn been rearded 3
a prob l m in -Avkest link sutl $tic (Oh and Hinic 19"o). -hercupon the function iul dcpends upon the stt0StCa
paeamctcr S0 and m in ae',ion to the vainables cntained In Ilqn. t7 2) Thc cppirssoni ae unwicidily 3M are not
rcprc~duccd here. but can be located in the artticl by Thoulc and Evans 09)K. S mc trends. expressed in non,
dimcnwul fom. ac summanicd in i 7,6 'rhc small displacemnt b havitor Is dominated by the intxt b cn |
Itvirs. heres the lone uil is -ovcnwtd by the pull-Out o(alIcd t6b,

Ano her level of compklxty is Involved when thc interflace stress q- va res with the loads t on the fiber. A
%imphfidd c~slt obtaincd uing a m;oficd hr lag approach iSiglI and Evant' I')91 suggests the following (eatures

'Akre

1: I/lrTE;
,: W

with C. being the mi fit strain which causes the intfrlacc to be in reidual compression. Expression t7,41 Ahile
1ppruXIm3te. has sevcral salient 'cAturcs. In partiular. as cx p cd. %r:k opening is inhibited by I:wgc values o( thc
fnctlon coelfTicini. Funhcrmore. as F -# IM, the fiber and matrix surface separatc, lcadinS to unrc ,ced crack
opening. Additional complexity is Involved when dcbonding and sliding occur simultaneously. StMK preliminar.
results for such bchavior exist, but X-C not addrsscd here. It is simply noted that. in such caes., the fractu e energy or

the coatint becomes amber paratmr of interest.

The preceding constutivc laws am the bases for analyzing the most pcrncnt mechanical characteristics o( fiber
wnd whislier rcinforcod ccramics. Most notably. drivadon of the matrix cracking stress and the crack Vowth resistancc
originatcs with cxpressions for t(u). as elaborated blow.

7.2.2. Pull.Out Lengths

The Iocauon of fiber afalure vis.a.vis the natrix crick planc is of cntcal importancc because iis location govems
the pull.out length hp. Both theory (Thouless and Evans 1983) and experimcnt tThoulcss ct al. 1989) suggest that. for
aligned reinforccmcnts. hp is govcrned by weakest link statistics. For the simplest case. wherein the sliding stress T
remains constant. an expression for the mean pull-out length has been derivcd as 0Thouless and Evans 1988).

(2hir!R)m t I- 1/2x (m + ) (XAo/R2)(Sd)m rl(m +2)/(m + 1)1 (75)

where r in this expression is the gamma function and A0 is a rcfcrencc area for the fibers (usually set equal to Im2).
Consequently. for aligned fibers. it is evident that hp/R is essentially governed by SnT: highfihcr "strength" and low
slng resistance encourage large pull.ow lengths. Corresponding trends for inclined fibers arc unknown.

7.3. The S1atrii Cracking Stress

The stress (o at which matrix cracking occurs has been thc most extensively studied behavior in cera-mic matrix
composites. For composites in which the residual stress non 21 o the interface. q,, is tensilc and the interface
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rnipcnic( can be dce:wcly rcpresentcd by an unique sliing sircss. T. Eqn. 17,2) may be uscd to 10dcn the Iocr

bound. sicady.:atc mtrix craking stress Mudiankky c .. I'6i.

r; . r;

Ohcrc

o('i.. ,= 1

I I c ., ,-m ( - I)FF Rr

Sr.k lully, bindged Ily lIahr IMarshall ct a!. 198M. Mc meuettt CI lcIornicd &n many difTcrcnt gliss nd! ocratiit

m.atnx %:ot:upl1cs i!;ug 7,7 havc vcnficd that Eqn. OA). in fact. provides an adcquatc reprccntaton of mtrix

racktng pmvidcd that T c.' ZONIPa (Cao c al. 1989a1. Values of T in this range havc been dction ltratcd f(c Itbcs

uted with either C and IIN. as clabotatcd below. FIVr these systcms. it is recognized that t dpcnds on the mistist sinl

and consaluently, ro. the tumpic c %c O, rean T and q., arc rel::cd through a fricton coe i iicnt itqn. 7A1 i. the nmatnxA

%:racking stress exhibits a uuaumum. given by IBudiansky ct a!. 19M6.

It:

*il$ result has cvident implilations (or m crial design.

Mote detailed dlagno~is of matrx cracking confirms that Eqn. u7.6) is a lower bound for the onsct of cracking.

Furthcr cracking occurs as the stress is raised above CYo. resulting in a periodic crack array IFig. 7.S) (Avcston ct 3,!.

1971). The crack spacing raches a swarsion value. s. when the stress everywhcrc in the "nanx blocks between

cracks becomes smaller than that applied strss. Thc magnitude of the satuation crack spacing is governed by the

sliding strcss. T. uch that T and d wc :dlatcd by (Cao ct :1. 19899ak.

S1.3-1[0- 0)m EIEm R /fEs 7

Consequcntly. the matrix cracking stresses can be expressed in tcrms of the crack spacing as;

00= 21 If~ g / .s - 79-l ,,/a

Thc crack spacing clearly provides an approach for estimating t and for establishing a sclt-consistent descnpton of

matnx cracking. However. other methods for measuring T providc addition3l insights, as elaborated below.

While the matrix cracking siress appears to be adequtIly understood, the other failure mechanisms that operate

in ccramic composites, as well as transitions between these mechanisms and matrix cracking, are still subjcct to

investigation. These other effects are discussed in the following sections,
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In certine reinforced ceramics, fracture occurs by the growth of a single dominant flaw In moWe 1. Material
characieristics that lead to this mode o*(behavior arc examined in a later section. lerein. consideratio Is liven to
relationships betwten the toughness and the various constiuent properties of the comnposite. The most basic features of
the toughness pheonnon, visualized in Fig. 7.9. recognize that thecre are fnur effects which Influence toughness
(Campbell ct &L. 1989). Oebondln*g generates new surface and contibutes positively to toughness. Frictional
dissipation upon pull-ow results in local heating and again contrbutes pos ively. Reuidad stresses present in the
material aft partially relieved by matrix cracking and debanding and thus detruct from th toughness. Finally, when the
fibes fil,. some of the tkic toergy stores in the fiber it dissipated through acoustic waves and appeas as a positive
%mombution so touighness.

Ihe :bove effects= arend:ittVC of reststancc. curv behavitor. since cach, innuion is only fully realized when
the isbcts fail wud pull-out, The full tktatls of the tncreca ilKh fixture restmancce can be cAkculatcd fromn the crack
surfae tracitons t(u) by applying Eqn. ( .2). Resualts of this type :rc available (Ihorn. Shaitero and Evans 1989).
Ilteve. a useful simplification for further discussion Is the peak (or asympoic) toughness that obtains when each
mechanism exerts its maximal contribution. At the simplest. Physically relevant level. this toughiness Is given by
(Campbell ei al. 1989).

fdS/E - E(C) + 4r /R0 - 01]+2 %( h'I 7

The firsm tamn is a bridging contribution tha derives from the stored strain energy dissipated as acoustic waves, with S
being the reinforcement 'strenot." The second term Is the loss of residual strain energy caused by Matrix crack
extension and debondingl. The thrd tarm reflects the new "suffice arce causad by debonding an the lasm team Is the
paulout contribution, dissipated by fricional sliding aJ the Itrfaces

Experience indicates that the residual smain term is small In system of practical utility and can often be neglected.
Thec largest potential for toughness resides in the pull-out tem, provkidd hp It large. An extreerange ofpull-out
behavior, Is apparent among the available range of fiber and whisker reinforced ceramics, resulting In wide variations of
toughness. Understanding pull-out thus dominates out capability (or producing ceramic composites having exceptional
toughness. Finally, the elastic and debond energy terms are of intermediate magnitude. They ame thus of negligible
relevance when h;,% is large, but may dominate when there is no pull-out.

The dominance of toughness by pull-out provides a focus for specifying those properties of the fibers and fiber
coatings that optimize: the frictional dissipation. For aligned reinforcements, wherein weakest link statistics govern the
pull-out length (Eqn. 7.5), it is apparent that the pull-out contribution to toughness varies as (Thoneless and Evans
1988).

2mP 1. n(M*t),(M MA

An explicit dependence of toughening on fiber "strength" and sliding resistance is thus evident. Physically statd:. Vhig
fiber stren gth and low sliding resistance combine to maximze the frictional dissipation, by inducing sliding over the
largesi possible faber suface area. The inve dpendence ofpull-out toughening on T emphzsizes the need to control
and understand sliding. Some of the qualitative features ame depicted in Fig. 7.10: illustrating the importance of the
fiber morphology, the misfit strain and the friction coeiicient.
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Not.aitned fb arnd w.Acr s clearly supptess pull.ou by vimue of bending strains in the rcinfocrments ta
cncourl fracture nea the matrix crack plate. Indeed. fiber% having low k "ur restkncc. such as SIC, tend to fail at
the matrix crack plane when Inclined to the crack (Camrpbll ci 31. 1969. RUhk ct al. 1967) whereas C fibers may still

pull.out over targe disiancvs (Prewo 1906). liber alignment isucs :isgctatcd with pull.out thus depend on fiber
pn)pc.

I4'k fibe r l.co t &wt mt c ontbutk k) numghowss. as in many whiskcr rcinforced ceramics. the lastic energy

and debonding energy termA tend to govern the facture ri tnisuice. such that:

Sf(d$s/E + 4r f(d/R)/O - 1)7I

To tntcrprci tht ciprmk.m. it is c.nttal t p reciatic that tdctkbond Icn~th d lcpcd su on thc inictfac frxtre cmqy

I,. km the mnoilit Istrn C : Mnd on 1ti (nmaon coeficicnt. I'c ,AXImcd rclatonhtMpi are unknown. btl dimcnsionA

an.lyst sutc it that tCharlambidcs and Evans 19. Sill ad lvins 11M9),

dIR u R I[ R(CT)I2r,,SlC.T l/] 7.2

%kmc-e It is a (umction. The imponait point is that them remains much scope for ontwilling toughness by manipulating
the tnterace debonding and sliding ppeniks and by maximizing the (ibcrl*hiskcr strength.

At already noted. rcsistancc curve effects cause the toughness to Srdually build up to the asymptotic values.

Consequendy, the full toughness cannot usually be utilied. The toughening rate (testing modulus) has not been broadly
studied and trends am relatively unknown. However, som numerical results for pull.out dominated toughness
(Fig. 7.11) indicate tha asymptotic behavior Is achieved only after considerable crack exnensior (Horn ct A 1919).

7 4 tinm SunphL

When matrix cracking precedes ultimate (ailure, the adt iwmt vsregng, coincides with fiber bundle (allure

(Thouless ct al. 1919). A simple csma of this strength, based on wtkcst link ststics that nelkct interaction effcts
between failed fibers and Ignores the smss supported by fractured fibers by mcans of stress transfer from the matrix
through interface frkit gives:

^A [ 1

A , M is exp[- {1+~f-( -/R S) ] (7.13)

with

Rs - (A0 /2xRL)(RStsrn{1 -0i - is/RS) }

snd L1 the specimen gauge length. The effect of the sliding stress on a'u appea directly, as well as through its effect on

the crack spacing s, while the effect of residual stress is present through its effect on ". The ultimate strength is also

expected to be influenced by the residual stress. Specifically, in systems for which the fiber is subject to residual
compression, the axial compression should suppress fiber failure and elcvatc the ultimatc strength to a level in excess of

that predicted by Eqn. (7.12). This effect may be estimated by regarding the matrix as clamping onto the fiber and thus.
A

simply superposing the residual stress onto S.



The above results art clealy simplified and their improvement should be akrcssed by further rseuch that
oup the mechanics of fier cracking and in4erface sliding with the atistic failur.

.areltnear mamcopic mchanical bhavi< in tinon 15 my desir~l (or structural purposes. Analysis o( he

r.MItion between this regime and the linear regime is us iponant. nd involves compari o the basic trends in the
Meady..Sw maulrx cracking srss. a* and in the alymproic fracture rsista ce. 4C, Most significantly, o increaseS

butW 4 dcirease as T inreaes. These opposing tends with T suggest thecximtcrcc o(an wlmm T that emit rod

mmni cracking resistancc whik still allowing high ughess.

M1oc sprcir"Illl. 3 progeny tranttion is €pectcd when the tinc crakang stress attains the strcs needed fior
hfe tNuwic fallure O)nc 0iatuic o" the procnfy trantlon CAn bh 01l:8tind by simply allowing a to exceed the

%imatIc lrenlth. G,. whCeVu u I mnditl ctal parm tcer P %hlth P)wctm the Uttoa n when', is small is;

II 3 rErnIS& it 14)

Specifically., when P exceeds a critical value. brittk behavior Initiates. This cstlmai has not been ICsted and

ftmhcrmore alwtnate ararotct may be conceived.

7.6.1. Strs/Stain Behavior

UnIaxlly reinforced ceramic and glass mar composies with either C Or BN Intelyer gencrally sa.asfy crack

fmot debonding requirements and the maerias exhibit axia and transverse mchanical pmp s that accord well with
the above expressions for the matrix crack stress and the ultimate strength (Caot a. 1989). To achieve these
comparisons. each of the parameters in Eqns. (7.6) ad (7.12) misr be indJ, denalv ncertaid. As already

mentioned. ? can be measured using various techniques: the matrix crack spacing (Avcson ct al. 1971. Cac e al.

1919). the indentation push.through stress (Marshall and Oliver 1987, Weihs ct al. 1988) and the matrix crack opening
hyscresis (Mshall and Evans 1955). The misfit strain CT can also be deternined using a variety of methods: X.ray
or neutron line shifts, offset stresses in the crack opening and residual displacements obtained from nanoindcner tests.

Accurate values of the matrix fracture energy r. and of the constituent elastic propercls am also needed. Furthermore,
it is noted that the comparison between theory and experiment for the matrix cracking stress is contingent upon having

accwme values of the above paramete.

Coneclations of rends in the ultimate stregth ae primarily contingent upon knowledgc of the n slam mechanil
properties of the fibers. Appreciation for these properties can be gained by examining and measuring fracture mairrs on

the fiber fracture surfaces in the composite. Specifically, the distribution of miror radii can be used to cvaluate the axil

stress S on the fiber of the fracture location (lecholsky and "n'iwell 1982, Jamct et al. 1984. Eckel and Bradt 1989).

Some typical results for two materials with different ultimate strength are shown in Fig. 7.12 (Cao t al. 1989).
Limited experience has indicated that the raio of median strengths scaks with the ratio of composite ultimate senphs.

When amorphous oxide coatings have been used with SiC fibers and whiskers. debonding requirements are

mmagtnal: rri - /2 - 114 (He and Hutchinson 1989. Evans et al. 1989). Consequently, fibers and whiskers

with axis normal to the marx crack do nor debond (Fig. 7.5) and thus. do not contribute to "toughness." Acutely

inclined whiskers can debond (Fig. 7.13). but cannot pull.out.



0

Fiber Fracture Sifess, S iGPai

rig. 7.12 Fiber strength distibuions awaiined On two composite$ (We~r -0 Fig. 7.7 for thc comrspontding
$*ftss/wmu curvcs) using frxi natm fmasu t

ig. 7.13 DcboD~ng of acutely inclined whiskersinu a SiC whisker reinforced AIM0



lascd on the abo e experimental (catures tat Cand UI crtings uc ective in tcrT o(mSiti(yinl crack (Irnt
dclonding and also proviJing a low Sliding tcstvriscc. whereas amoqtvs oads iiarc incapabic oe kboding. it may Ne
kcociudkd that C and 9H are the pirecmd coatings. I laweve. both of thcxc tmcnalA wre sucpubk to rapid olato
ILuh and E~vans 19117 B schoffcl al. I9) and moly tncpalbk o( pcrfonin their required dconding and sliding
functions a4 elevateid temperures in oxidizing envirmnenu. A vartety o(othir co1ntg% 3r thus undkr invesuilli
When ,tuh coatings havc been dcvclo . soe of the moe complex crack opening and pill.out n istiutive lws
presented in Section 7.1 may bc needed to lescnbc 11)e mechanica prories of the cmosaic.

7462. Touihoes

Vwx',an liber 2nd whi .cr rcinf rcd m.inals (ai in nto ek I by the Propagation ofa rrcdosit 'nnt cr-.k. %%tth
nthtoto the :nc Irorit the wcri% .trcdc in 1.In 0~ till %wrh bIv4%itor obtainiatnvt:fl cnt%

hiang rerwcnct gr c~c.,rmnalgcd of .ieerholqu.3llv :f~ul~r, I't at a41h~zVcd in Agnedi Cnolitrw
%ith high rrctnccl~n ~'tnxi onc l lxM) Lc fainett)oe edn ortnsot koic
rc n( rcwcnnt and riromcmitn fallure pical!F occurs close to the murix crack plane. Oherupe" therm i a negligible
contInbutiort of pull-out to the houglincsi ',orphololicallF iriegular whidasr ard fiber% cxhibit nwehanical
intcrlkvtna during pul.ut resulting in large T and again. rtinforecmcnt failurc close to the matox c--ck plane, lo
uich ticnals. carc(ul r:na~ucmcnt of dcboed lentths usmIg trasmission elcctron Microscopy have alh, wed an
eva luaton of the tn;l kv butions to coughnoc iCaplbll ctIa. 1999). Sccnngly. there rc milnuacotmb-uons
from bridting and initrfac dclbonding. uch that reasonable :grc1wnt cxims bctwn theoy and cxitr-mient. i'Cood
insilhi rarding approacl:es for (unher cnhwin toulghness can this be lained from Eqn. T. 1I,

$. NtULIFIPULEEC)Lg4ISMS

The p ec ding tmns h3% described micrortural issues concmed with Oulhness ormzation when 2

singl mechanism opcrats. In practkcc. morte than one mechanism may cxit. Consequently. Interactions betwien
mechanisms must be considered. In some instancs. he intrracifis may be highly hnjrXW and poducc
between mech3nisms. Such synergism has buen illustrated to exist when both bridging an process zone mechanisms
operate simultancously (Amazigo and Oudiansky 199) (rig. 1.5). Convcr scly. some interaction effects can be

kiusand reduce the efficacy of the tidividual mechaiiisnis.

Synergism is most likely when bridging and process zone mcchanisms interact. Multiplicative interactions rc
evident in this case becausc the crack surface tractions caused by bridginlg can expand the process zone width h in the
crack wake. causing zn additio al Increasc in shiclding. prolportional to this increasc in h. Siraightforward lo!ic
indicatcs that multiplicative toughcning between bridging and process zone effects should occur when the ratio of the
bridging zone size. L. to the process zone width. h. is small, bccausc bridging generates a new effective crack tip
ioughncss. that causes the process zone size to funher increase. Calculations of coupled bridging and process zoMc
effects have been pcrform-d (Amazigo and Budiansky 1989) In the case that the bridging tracions are constant (Dugdalc
zone). Thc results reveal two bounds givcn by:

Kc/Km = ).P).b (8.13)

the synergistic limit and

Choped C fibers *pew to be an cxcepoon bcause thir antuopy pr-.-.4s a high flcural rcsiicnc.



the I0Acr bound. wherC ).p ad 4W ac the tJuhcnin; ratllo (4v the rrci'; zonc and britdging "nvhntism.

cipe'ttvcly. Fu rino. and surprisnily. the 'ncrtotsc limt wal round go obtain Alhcn h IZ K1orotws

cTxpcnmen~tA sufla~twft g % Incrgwn hasv yto ows"baie.

The intactioso belseen either t-o bring oe mechaoisms or two 'uc.vi .one mcchawmi arc m~idalvcl?

uncxpl1oed. At the simplest lecl. two brdging mcchanisms ar additive with ch ? i given by Eqn. (I.2L.
Il!acvcr. the cntical t:ictch u (or n mchanism Mray e &Mcctcd by the tthr. whereupon aidtvity mally no e

,!4nhtsrntutton ktmainf.e ni tpW4je i tcn'~1JC1ttt~4 d~f ~ ~ i~~~i

ntohvrjd. i-uhcitti il-inand ml n 16 iN. be 1"Xii wN0d i.k 1!1,41 1,, t~lii .,An result C 1t 1

A~PPENDIX

TI Il CRYSTA.LOGRAPI IY OF TIII: .-t mTRASSFORMATION l!' tQJ.

The crystal strwturcs oft. and m.ZtO. are shown in Fi t 1.6. Three latic c ,ofnes Akne iLCa Puy aneisc

betwvcn the t and m polytw.rphs. called for cvenience LC A. 0 or C. depending on hKh m axis. a. b ore. is px2!kl
to the axis of t.7.0..

The maunstM hrxcer of th I -4 m ansformation in ZzO2 was frst 5 cae. by Woltcn ( 1961. Shortly

aficr*ard.. Biy (196%4) studied this trantormation 14 slim in the clectron mroscoe . using oxidized (os o(Zr, and
found twinning o (100),, (ITO),% am (To). plin$. M well 3s dirct CVidCOCC (O all three laic Co eTcspQ ft iCeS
however. LC C was strongly pronowtd.

Bansal and llcuer (1972. 1974) cxamincd the transformation In ZtO. single crystals by transmission electron

microscopy and X-ray precession experiments. These authors pciformwd a detailed analys.s of the oicntion

relationship bctwee'n parent and product and also dt'crmin.d the orientations of the habit planes (the common planc

between the t and to phases). The observations were compared to manensitic calculations using the phenomcno a!icA

theory or Wcetsicr c( al. t 19M). After this wrk. the mancnsioc nature of the t -, in transromnton was no lo ter in

doubt. Krivcn ct al. (1981) extcndcd these calculations to different LCs and slip systems and Chowd . -and Croekcr
(1994) further refined the calculations and showed discrepancies with the cxpcnnental obse vnanons of Hinsal and

Icucr (1972. 1974). due to di(ffrent values of the lattice parametcrs used by the two groups or investigators.

Resolution of the discwrmpacy between these calculations and cxperinntal dccrmination of the habi( planes requires
more detaikd habit.plamn detcrini3tons and more accurate knowledge of latticc iaramctcrs. orcntation reladonhips and

lauaccinvariant deformation systems.

Little work has been pcrforned to date on the crystallography of 7Oz particlcs transformed while confined

within ceramic matrices. Porter and lcuer (1979) showed that large t.Z O2 precipitates transformed above room

temperature in ovcragcd Mg.PSZ and were invariably twinned. The twinning occurred on at least two systems:
"midrib" twins parallel to (100). (i.e.. parallel to the long axes of the lenticular t.ZzO_ precipitatcs) and 'cross" twins

prallel to (! 10)m. The factors which govern the type of twins formed on cooling such partiles in PSZ have not yet

been determined.



given t 19811 swoloa 1 icrym~iaftrapiy of twins (ormc1 in tmafmcd ZtO.% prnicks inan Al.O1 itatn.
$uulI zto.% polic~ rl !m.utal tna'doccifpatwinsWI. (ilucnily on t(X),,. Thi SI mtor1isn
4qcir tD IJumi panicks u-is mw~ c mnpkx. u~ di(crcma2is Q(t ih anwlc contlasncd different maircnsic Varnmi

Nhve rmcntly. Now~n -howcd (198h thiata pr*ick ti'sfwmicd a s insut the I IViA ttinsfoiincd via LC C and %cas

"~aWn"'Itic theory (Chow'di and Crocket I9A4). h~ 1; mo known if this is iluc to a failurc of 1ki theory- or 10 1*1nifit
MvXW~figafic tihe annlsormaumn

Ruhk a 1199'11 showcd t?"t the I&Iif rrc~ni in large ZiO.% panick% fcducw te (ranontu"104'snduimd aimscs atth

o%!1%Cara.Ni 'A i1t .. ? a xh zc rai.co.k 0i4 $tisil two .nCsiWlh.cd di~i t~.ni.e
tnn~~~~~~n~ctc: Of a~ lult b'au :: i~jn'ifulnn' us.0%'u~
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ABSTRACT

Two whisker toughened materials have been subject to study, with the

objective of identifying the mechanism that provides the major contribution to

toughness. It is concluded that, for composites with randomly oriented whiskers,

bending failure of the whiskers obviates pull-out, whereupon the major toughening

mechanisms are the fracture energy consumed in creating the debonded interface

and the stored strain energy in the whiskers, at failure, which is dissipated as

acoustic waves. The toughening potential is thus limited. High toughness requires

extensive pull-out and hence, aligned whiskers with low fracture energy interfaces.

KEY WORDS: Ceramic, Composite, Toughness, Model, TEM
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1. INTRODUCTION

The toughening of ceramics by whiskers typically includes contributions from

debonding, crack bridging, pull-out and crack deflection.1- 3 It is important to

ascertain the relative roles of these contributions, because each mechanism predicts

very different dependencies of toughness upon microstructure. Crack deflection is

ostensibly governed only by whisker shape and volume fraction 4: albeit that the

relative elastic moduli and thermal expansion coefficients may have implicit effects

on the deflection path. Conversely, the other contributions depend sensitively

upon the mechanical properties of the interface, the whisker strength/toughness,

the whisker radius and the volume fraction, as elaborated below.

Toughening by bridging is induced by debonding along whisker/matrix

interfacesl (Fig. 1). The debonding allows the whiskers to remain intact within a

small bridging zone behind the crack.1 The magnitude of the toughening involves

considerations of the debond extent and the mode of fiber failure, as well as of

residual stress effects.1,5 Various attempts have been made to model the

toughening and to compare the predictions with experiment. The most

comprehensive and recent attempt6 established many of the salient features.

However, neither residual stress effects nor the contribution to toughness from the

energy of the debonded surfaces were included and, furthermore, explicit

determination of the debond extent was not used for comparison between

experiment and theory. The present article examines these and related issues by

further experimental investigation and by presenting a fully inclusive model in a

form that provides direct physical insight. For this purpose, crack/microstructure

interactions are investigated in two whisker-toughened systems: the A120 3/SiC

system which has interfaces subject to residual compression and Si3N4/SiC with

interfaces in residual tension.
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2. SOME RELEVANT MECHANICS

2.1 INTERFACE DEBONDING

Cracks on bimaterial interfaces are characterized by a strain energy release

rate, q, and a phase angle of loading, W.7,3 The latter is a measure of the mode

mixity, such that I - 0 refers to a pure crack opening mode and %V - i/2 represents

an interface crack subject to crack surface shear. Specifically, debonding along the

interface occurs when G reaches the interface fracture energy 1 at the relevant phase

angle, V4. For a matrix crack subject to mode I loading, the incidence of initial

debonding, rather than cracking into the fiber, is found to be governed by the ratio of

interface to fiber fracture energies ri/rf and the whisker orientation (Fig. 2).8 For

the present composites, values of kij/rf needed to debond whiskers normal to the

crack plane should be either < 1/3 for Si3N 4/SiC or < 1/4 for A120 3 /SiC. Note that

this prediction is independent of the residual stress.

Growth of the initial debond along the interface is influenced by additional

variables, such as the residual stress and the whisker radius. Debond growth is most

prevalent in the crack wake.9010 Analysis of wake debonding for interfaces under

residual tension9 indicates that debond growth in the wake occurs when the stress t

on the fiber reaches a critical value t, given by,

to - 2.2E e (1)

where Ef is Young's modulus for the fiber and eT is the misfit strain. When t > to,

the debond propagates unstably up the interface.

Residual compression results in different behavior. In this case, G is strongly

influenced by the friction coefficient g. along the previously debonded interface.10

The basic debonding features indicate that again, a threshold stress must be exceeded
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before debonds can further propagate in the wake. However, for stresses in excess of

the threshold, debonding occurs sablX to an extent determined by the friction

coefficient IL and the residual strain, until t -4 Ef eT/V (with V being Poisson's ratio

for the fiber), whereupon the interface separates and further debonding occurs

unstably. The debonding behavior is thus sufficiently complex that prediction of

trends with e, 17i and other material variables is unlikely to be instructive. Instead,

the preceding results may be used as the mechanics background needed to facilitate

interpretation of observed trends in debondin& as elaborated below.

2.2 TOUGHENING

The steady-state toughening AGc imparted by whiskers can be considered to

have foU essential contributions, as elaborated in the Appendix. These

contributions can be insightfully expressed in the simple form (Fig. 3);

A,/Gfd - S'/E -Ee2 + 4(J,/R) / (1 - f) + (.t/d)yX(h'/R)T (2)

where d is the debond length, R the fiber radius, f the volume fraction and S the

whisker "strength." The first term S2/E is simply the strain energy stored in the

whisker over the debonded length on both sides of the matrix crack, before the

whisker fails (S2/2E on either side of the crack). This strain energy dissipates as

acoustic waves and thus contributes positively to the toughening. The second term

is the residual strain energy in each composite element within the debond length, as

governed by the misfit strain er. This strain energy is lost from the system when the

fiber fails and thus, detracts from the toughness, independently of the sign of eT.

The third term is the energy needed to create the debond fracture surface, with ri
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being the fracture energy per unit area. This term must be positive. The last term is

the pull-out contribution, with hi being the pull-out length and Tr the sliding

resistance of the debonded interface. This term is again positive, because heat is

generated by the frictional sliding at the interfaces. The above result is all inclusive

and has not been specifically presented elsewhere.t Furthermore, it deviates from

certain of the other results reported in the literature for each of the individual

terms, principally in the magnitude of the constants of proportionality. It is

believed that Eqn. (2) is the simplest possible result that is also physically consistent

with the mechanisms involved.

Optimization of toughness based on these terms is discussed later. Presently,

it is noted that all contributions scale with the debond length d, indicating that large

d is doeirable. However, it is also recognized that d should have a functional

dependence,

d/R = F(r,, e, S) (3)

where the function F has yet to be determined.

The present experimental results are examined using Eqn. (2) to assess the

various contributions to toughness, based on direct measurements of h, d, R, f.

Thereafter, implications for high toughness are discussed.

t The results are strictly applicable to reinforcc:'nents normal to the crack plane. Whiskers inclined to
the crack are more likely to fail by bending and thus, result in smaller pull-out toughening.
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3. MATERIALS

Four basic materials have been used for the present investigation: two

whisker toughened materials and two reference matrix materials. One whisker

toughened material is a commercial product, consisting of A120 3 toughened with

20 vol. % SiC whiskers, prepared by hot pressing. The other toughened material

was a SiC toughened Si3N4" containing 20 vol. % SiC whiskers, 4 wt-% Y203 as a

sintering aid and was densified by reaction bonding followed by HIPing.

Microstructural investigations were performed, not only for the composites, but also

for the matrices and those observations were used as reference. The A1203 matrix

material was a hot pressed system containing 1/4 volume percent MgO, heat treated

to create the corresponding grain size. The reference Si3N 4" contained 4 wt % Y20 3.

The mode I toughnesses G€ of the four materials, evaluated using a surface

flaw technique,? are summarized in Table I. A comparison with models requires

evaltiation of the increase in toughness caused by the whiskers, A q, which for

A120 3/SiC is 40-80 Jm- 2 and for Si3N4/SiC is 25-55 Jm-2 (Table I).

4. CHARACTERIZATION

4.1 MICROSTRUCTURE OF WHISKERS

Characterization of two different as-received SiC whiskers' indicated a broad

distribution of length (film ... 25.tm) and diameter (0.1.Lm to 1.0gm). Quite

frequently, clusters of whiskers and irregular, serrated-edged whiskers were found.

Grmendeaf, Inc.
Norton Company
ARCC 'nd Tateho whiskers
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The average length and diameter were 17.5tLm and 0.5pLm, respectively, for ARCO

whiskers and 1.7ILm and 0.42pm for Tateho whiskers.

The whiskers had a high density of planar faults lying on the close-packed

plane (basal plane) perpendicular to the long axis.12 The faults resulted in a complex

arrangement In thin lamele of different a and 0 polytypes normal to the whisker

axis. Furthermore, the core region of the ARCO whiskers contained a high density

of small spherical impurity clusters and/or cavities. Half of the Tateho whisker are

hollow. The outer skin of both types of whiskers was covered with a 2rim SiO2 rich

layer as revealed by defocus imaging (Fig. 4a) 13 and X-ray photoelectron spectroscopy

(Fig. 6b).14

4.2 MICROSTRUCTURE OF THE COMPOSITES

Thin foils of each of the materials suitable for TEM have been prepared by

mechanical polishing and dimpling followed by ion beam thinning. Transmission

electron microscope (TENI) characterization of the materials has been accomplished

using conventional, analytical and high resolution microscopy. From conventional

TEM micrographs of the SiC whisker toughened A1203 iaterial, a matrix grain size

of - Il£m was determined. Dark field studies15 have indicated the presence of a thin

( 5nm thickness) amorphous layer at the interface between the whiskers and the

matrix, consistent with previous studies. The thickness of the amorphous layer at

the whisker/matrix interface depends on the purity of the A1203. However, even in

A120 3-SiC composites processed using ultraclean materials,16 a thin (ntm-thick)

SiO2 layer can be detected by TEM imaging. Specifically, by using a range of defocus

conditionsl 3,15 (Fig. 5), the expected contrast reversal for different signs of

defocusing can be observed. Furthermore, it is apparent that the contrast at the

interface is not caused by preferential etching. Notably, the interface between the
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whiskers and the A1203 matrix in Fig. 5 is perpendicular to the edge of the foil and

no preferential etching is visible close to the amorphous region near the edge,

because the interface contrast disappears gradually in the amorphous part of the

specimen.* Occasionally, amorphous pockets also exist at junctions between matrix

grain boundaries and the interface (Fig. 5b). However, within the resolution of dark

field and high resolution procedures (- Inm), the matrix grain boundaries appear to

be devoid of amorphous material.

Occasionally, a whisker is completely embedded in one A120 3 grain. In such

cases, strain contours become visible under dynamical TEM imaging (Fig. 6). A

semi-quantitative evaluation of the strain perpendicular to the whisker diameter is

possible by calculating the scattering of modified Bloch waves17 in the thick foil

approximation and evaluating the number and distance of contrast oscillations for

different excitation errors. The observations confirm that a homogeneous

compressive strain E occurs in the whisker, with 2.10-3 < E< 6 -10-3: a result

consistent with the known thermal expansion characteristics of A1203 and SiC and a

cooling range AT - 10006C.

Studies conducted on the Si3N4 reference material have revealed several

relevant microstructural features. Dark field and high resolution microscopy have

indicated that an intercrystalline phase, presumably amorphous, is present as a thin

continuous film of equilibrium thickness (Fig. 7a). Grain pockets are mostly

crystalline, except for the thin, intercrystalline outer layer (Fig. 7o). Analytical

microscopy and diffraction studies are consistent with a-Y2Si2O7 being the

predominant crystalline grain boundary phase. The crystalline pockets are typically

50-100nm in diameter. The whisker toughened Si3N4 had several different

characteristics. The whiskers are typically 100-500nm in diameter. About half of the

1 A hole would be visible at the site of the interface for the case of preferential thinning.
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whiskers are hollow, in which case they become filled by the sintering-aid phase.

This phase, which is also present at grain pockets, remains glassy upon cooling to

room temperature. Analytical microscopy indicates a relatively high SiO 2 content

in this phase. Presumably, the excess SiO2 that prevents crystallization of this phase

is introduced by the oxide layer that preexists on the SiC whiskers. High resolution

microscopy shows that this intercrystalline phase is present as a thin film at all

Si3 N 4 grain boundaries and, most importantly, at the interface between the Si3N4

grains and the SiC whiskers (Fig. 7c).

Finally, in order to clarify ambiguity, it is noted that it has been occasionally

reported in the literature that no glassy phase can be observed at interfaces between

SiC whiskers and the surrounding matrix.15 A careful inspection of available

micrographsl s suggests that the interface plane in such studies was inclined to the

electron beam, whereupon the glassy interphase would not be detected. Specifically,

it is evident from Fig. 8 that an amorphous interface layer can only be imaged if the

foil thickness t is such that t <.J/7', with a being the thickness of the

amorphous foil and D the diameter of the whiskers and if the interface is parallel to

the electron beam.

4.2 DEBONDING AND BRIDGING

I) Transmission Electron Microscopy

Observations of debonding and of bridging zones have been made in the

TEM. The procedure developed for studying these characteristics consists of

indenting the material, mechanically dimpling in the region of the indentation

crack tips and then ion thinning to a thickness in excess of the whisker diameter.

This procedure ensures debonding and bridging representative of plane strain crack

propagation in bulk material and avoids the anomalous crack extension and
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debonding that can occur upon thinning to les than the whisker diameter. In order

to use these foils to investigate near tip phenomena, it is imperative that the

specimens be subject to tilting through a large angular range, because the debond

and matrix crack opening displacements are small and only detectable when the

electron beam is essentially aligned with the crack plane. Some typical views of the

bridge zone with schematic drawings used to highlight the salient features.

For A20 3/SiC, the matrix cracks are mostly transgranular and conchoidal,

while cracks in the whiskers are planar and alwa~ parallel to the basal plane of SiC.

These distinctive fracture paths facilitate interpretation of the micrographs. The

series of micrographs and schematical drawings summarized in Fig. 9 illustrate the

salient features. Lcaticrs A and B refer to the crack/whisker interaction, which

include whiskers havhig axis either normal or inclined to the crack plane. In both

cases, the whiskers are debonded and are fractured. Near the crack tip (location C), a

bridging zone with intact whiskers is apparent, with the crack tip located at the

arrow. Tilting studies have revealed the extent of debonding at the whisker/matrix

Interface as illustrated in the accompanying schematic (Fig. 9d). Such observations

are typical of whiskers that exist within a bridging zone that usually extends to about

4 to 6 whisker spacings. The length of the debonds is vriable and ranges between

about 2R and 6R, R being the whisker radius.

For Si3N4/SiC, the same general features noted for A1203 are again evident, as

exemplified by Fig. 10a, wherein the debonds are between the arrows. The lengths of

these debonds. wvhich can be measured directly from the micrograph, range from R

to 3R. Usually, the second whisker behind the crack tip is fractured, indicating that

the bridging zone is very small. It is also noted that, because elongated Si3N4 grains

are present, debonding alorg the grain boundaries with the equiaxed matrix grains

is evident (Fig. 10b). Such debonding is exactly analogous to that occurring at

whisker interfaces. Consequently, the debonds of the whisker interface are more
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difficult tO detect than in the A120 3 composite. An interesting sequence of events

can be deduced from Fig. 10c, in which the main crack is clearly visible (large white

gap). This crack propagated from the upper right to the lower left. It is surmised

that when the crack first interacted with the whisker, the interface debonded (to a

length of about 3 whisker radii). The whisker then fractured within the debond

length and pulled out by about 20nm (the width of the gap). While being pulled

out, the whisker would be subject to bending, resulting in enhanced stresses, as

manifest in strain fringes at the corner of the whisker (arrow in Fig. 10c).

Consequently, the whisker fractured a second time in the plane of the matrix crack.

It is also of importance to examine whisker failure. In general, whisker

fracture can either init!ate at the end of the debond by kinking into the whisker,5 or

the debond cracks could remain at the interface such that the whisker falls by the

propagation of a pre-existing flaw within the debonded length. The former mode

has been rigorously verified in several cases (Figs. 9 and 10) by extensive tilting to

confirm the absense of a debonded region beyond the location of the whisker

fracture. The latter is much more difficult to unambiguously identify and cannot be

substantiated at this juncture.

ii) Scanning Electron Microscopy

Polished surfaces containing indentation cracks have been examined in the

scanning electron microscope. The residual crack opening allows observation of

some aspects of bridging and debonding. For the A120 3/SiC, a low accelerating

voltage provides contrast between the A1203 and SiC and facilitates observation.

Within the spatial resolution of the SEM, debonds are only occasionally evident,

usually at intact inclined whiskers k'Fig. 11a) remote from the crack front. Crack

surface interlocking is also evident (Fig. 11b), caused by debonding around the
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whisker ends. In some cues, whisker cracks are apparent (Fig. Ila), again at inclined

whiskers, witl the crack often forming near the end of the debond. Measurements

of bridging zones associated with intact whiskers are not possible by direct SEM,

because of resolution limitations. However, for A120 3 /SiC, use of a dilute

orthophosphoric add etch allows dissolution of some of the matrix, preferentially

around the crack (Fig. 12). Matrix removal permits both the intact (Fig. 12b) and

fractured whiskers (Fig. 12c) to be identified, with reference to the crack front and

thus, allows measurement of the bridging zone size, L. For this composite, L is

about 3 to 4 whisker spacings.

Inspection of fracture surfaces by SEM provides complementary information

regarding pull-out as well as debonding (Fig. 13). Studies on both composites reveal

that inclined whiskers fracture on a plane normal to the whisker axis, such that the

crack-surface is within one whisker radius of the matrix crack plane. Pull-out is

thus negligible.

5. COMPARISON BETWEEN THEORY AND EXPERIMENT

Initial comparison between theory and experiment can be achieved based on

measured values of the debond !ength and using Eqn. (2) for the toughness. The

relative magnitudes of the four contributions to toughness from elastic bridging,

residual strain, debond surface energy and pull-out can then be readily assessed,

using the material properties listed in Table I and using d/R - 2-6 for A1203 and

1-3 for Si3N4 with f - 0.2 and R - 0.2511m for both composites. The pull-out

contribution is negligible since only a small fraction of whiskers exhibit this

phenomenon. The reduction in toughness from the residual strain, Ee?2fd, ranges

between 0.3 Jm- 2 for Si3N4 /SiC to 2 Jm- 2 for A120 3 /SiC and is thus of negiigible
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importance (in part, accounting for the similar toughening levels measured for both

composites). The toughening contribution from C',c c'tic strain energy stored in

the whiskers up to failure, S2fd/E, is dominated by the choice of whisker "strength."

The appropriate choice for S is unclear because the "gauge 'ength" is small and

because the whiskers may be subject to degradation upon composite processing. For

initial purposes, it is assumed that S is in the range 4-8GPa, 6 whereupon this

component of toughening is at most 45 Jm"2 for A120 3 iSiC and 25 Jm - 2 for

Si 3N4/SiC. Finally, the debonding energy contribution is estimated by noting that

amorphous silicates have a fracture energy, rl - 6 -8 Jm-2. The toughening caused

by debonding is then of order 50 Jm-2 for A120 3/SiC and 25 Jm- 2 for Si3N4 /SiC. The

energy needed to create the debond surface and the strain energy dissipated from

elastic bridging thus appear to provide similar contributions to toughness.

Furthermore, the toughness level provided by the combination of both processes is

comparable to the measured values (Table 1).

6. IMPLICATIONS AND CONCLUSIONS

The preceding experiments and calculations firstly indicate that non-aligned,

inclined whiskers typically fail by bending and do not provide a pull-out

contribution to toughening.' Consequently, composites with randomly oriented

whiskers cannot normally be expected to exhibit high ioughness. Subject to this

limitation, useful toughness increases are still possible, as governed by an optimum

combination of hridging and debonding. Since residual strain is invariably

detrimental, matched thermal expansions are desirable. Enhanced debonding is also

An exception may be graphite whiskers which can sustain very high bending strains and have
Li-honded interfaces with a low sliding resistance.
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desirable, but then the relative contributions to toughness from bridging and from

the debonded surfaces requires further elaboration. The debond length is expected

to scale directly with the whisker radius, to increase with increase in S and to

depend inversely on ri (Eqn. 3). Consequently, d/R and r1 are coupled in such a way

that the contribution to Aqc from the energy of the debonded surfaces is expected to

be weakly dependent on rl and insensitive to whisker radius, but should increase as

the whisker strength increases. A corresponding assessment of the bridging

contribution yields very different conclusions. In this case, the direct dependence on

debond length suggests that this contribution should increase appreciably as either

ri decreases or the whisker radius increases and should become the dominant

contribution to toughness for small r1 and large R, provided that the "strength" S is

also high. Indeed, it is important to note that careful experiments6 indicate a

systematic dependence of AGc on R, confirming an important contribution of elastic

bridging to toughening. However, the whisker "strength" is not related in simple

form to the uniaxial fracture strength of the whiskers. Further research is needed to

understand the operative relationships.

The factors which govern the debond length merit brief additional

consideration. While small ri and large S clearly enhance debonding, such

variables as residual strain, surface roughness and friction coefficient could be

important. The available calculations (Appendix) indicate that, when the non-

dimensional residual strain parameter Q (- Sv/EfI eT I) is much larger than unity,

the Poisson contraction of the whisker is large compared with the misfit

displacements. Then, residual strain is unimportant: instead, the amplitude of the

roughness on the debond surface dominates debonding. Conversely, when Q < 1,

residual strain effects dominate debonding in the sense that positive eT (interface

tension) enhances debonding and vice versa. ."ir the present materials, the inverse

trend with residual strain (large debond lengths for A120 3/SiC in which eT is

15



Mcgitive) suggests that roughness effects and interface characteristics are more

important in debonding than the residual strain. Indeed, consistent with this

implication, Q is larger than unity. Whisker ro ,hness effects would thus appear to

merit further investigation.
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APPENDIX

CRACK BRIDGING AND TOUGHNESS

Several aspects of crack bridging have been addressed by analysis, particularly

the stress/crack opening relation t(u). For whiskers normal to the crack plane with

interfaces subject to residual tension, u/t is linear when the debond length is

constant and a threshold stress is needed to achieve initial opening of the crack,

such that9

u/ReT a (t/EfeT)(X + ).2 d/R) +73 + X4d/R (Al)

where Xj (i - 1-4) are coefficient tabulated in Table I1. When the whiskers fail at a

critical axial stress t - S, the change in toughness imparted by the whiskers, AGc,

when d is fixed, becomes 11

t.4

,q = 2f ftdu+4frld/(1-f)R

fS 2r (,Xd/ R) I-(Ete./S) 2(L+ X~d/ R)]
- E'''+;2d/R) +4f rd/(- f)R (A2)

The first term is the contribution to toughness from elastic bridging, whereas the

second term is the contribution from the debond surface energy. When d/R > > 1

and the material is elastically homogeneous, Eqn. (A2) reduces to

AGC !-d[I - (Ee/S) + 4fr, d/(1- f)R (A3)
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revealing that the toughness increases linearly with increase in the debond length

and diminishes as the residual strain increases. Indeed, A qc -+ 0 as EfIeTI -+ S

because then, the whiskers fall upon cooling from the processing temperature.

For composites containing whiskers normal to the crack and with interfaces

in rsidual resion, t(u) is dependent on the friction coefficient as well as the

debond length. For fixed d,10

e-- R (d/R)(1+v)/v

- (I- vF)(1 - 2v2+) [exp (24Ld+/R) - 1]/2gi u (A4)

where

+ - v(1-f+fL)/[E(l+f)+(1-0(I-2v)]

and I - EF/Em, with Em being the matrix modulus.

For homogeneous elastic properties, Eqn. (A4) reduces to;

- (I + -)d/R -(i- iF) [exp (D) - i]/Ii,
eTR (AS)

where D - l)d/R. The toughness for constant d is thus;10

A fS2R[exp (D)-I]r eE'2 ' l
AGCM f ERep()-1 1 - ) (+ v) D 1-1 +4f Ftd/(1 - f)R

[ I s)Lexp (D) -I f (A6)

Furthermore, for small t, the toughness reduces to Eqn. (A3).

The above results for Aqc are clearly simplifications because the debonds are

expected to extend in the crack wake and the integral should include this behavior.
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Subject to this limitation, it is apparent that, for brittle whiskers which fail at a

characteristic &Mi, S, the composite toughness invariably decreases with increase in

misfit strain, er, whether tensile or compressive in sign, provided that the debond

length is idependent of er. Furthermore, when the friction coefficient is small, the

toughness is also essentially independent of the sign of the residual stress.
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TABLE I

Properties of Materials and Constituents

Material (C-1 x 106) E(GPa) Gc(Jm- 2) Aqc(Jr- 2)

Experiment Theory
-- I

AI3 7.5 4W0 25 ± 5

Si3N4  3.5 320 50 ± 10

SiC 4.5 420 15 ± 5

Amorphous
Silicate - 100 7 ± 1
Interphase

AI20 3/SiC 420 85 ± 15 60 ± 20 -80

Si N4/SIC 350 90 ± 15 40 ± 15 -30
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TABLE II

The Coefficients X(i - 1,4), used in the expresion for the Matrix Crack Opening:

£ \f 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.4 3.22 3.42 2.04 1.76 1.55 1.40 1.28 1.19
1.0 1.85 1.96 1.30 1.14 1.00 0.87 0.75 0.63
2.5 0.96 1.01 0.72 0.64 0.57 0.49 0.41 0.30

-X3(L)

\ f 0.05 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.4 2.59 2.75 1.64 1.42 1.25 1.12 1.03 0.95
1.0 1.73 1.84 1.23 1.07 0.94 0.81 0.70 0.59
2.5 1.05 1.11 0.79 0.71 0.62 0.54 0.44 0.33

x X42(X)

0.4 0.838 1.062
1.0 0.910 1.058
2.5 0.964 1.043
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FIGURE CAPTIONS

Fig. 1. A schematic of a bridging zone in a reinforced composite

Fig. 2. A debond diagram: the dependency of fracture energy on elastic
mismatch and whisker orientation

Fig. 3. A schematic representation of the four mechanisms that contribute to
toughening by whiskers

Fig. 4. Analysis of outer layer on a Tateho SiC whisker
a) Through-focus images at the edge of a whisker (i) Af < 0, (ii) Af - 0,

(iii) Af > 0. The amorphous layer is clearly visible on the infocus
image (Af - 0). The defocus images indicate that the density
(scattering power) of the outermost layer is less than that of SiC
(bright contrast for negative defocusing)

b) XPS spectrum (courtesy Sarin and RUhle14)

Fig. 5. TEM micrograph of interface between SiC whisker and A1203 matrix
(i) Af % - nm, (ii) Af - 0, (iii) Af - 96nm. The interface is parallel to
the electron beam. The contrast of the amorphous grain boundary phase
is equivalent to that of the amorphous layer at the edge of the foil.

Fig. 6. Stress contours around whiskers: dynamical
a) Bright field and b) Dark field images. A quantitative evaluation the

matrix strain can be obtained from the number and positions of
contrast oscillations (micrograph taken by E. Bischoff)

Fig. 7. Transmission electron microscopy study of Si3N4 materials
a) High-resolution image revealing continuous thin amorphous layer

in the matrix
b) High-resolution image of the interface of the crystalline phase at the

matrix grain pockets and a Si3N4 grain
c) High-resolution image of the amorphous layer between a matrix

grain and a SiC whisker

Fig. 8. Maximum allowed thickness, t, for imaging at amorphous layer of

thickness a
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Fig. 9. Transmission electron microscopy studies of the crack tip region in thick

foils of A120 3 /SiC. A comprehensive visualization of debonding and

cracking can only be achieved by imaging under different orientations by
extensive tilting. Consequently, to assist In sununarizing the behavior, a

schematic drawing is shown in addition to one TEM micrograph of each
crack/whisker interaction:
a) Overview of crack tip region

b) Region A with schematic 3-dimr nsional drawing
c) Region B with schematic 3-dimensional drawing

d) Region C bridging zone with schematic overview. The debonded
interface zones between whiskers and matrix are hatched. The
whiskers are not fractured.

Fig. 10 a) Transmission electron micrograph of a region close to crack tip in

SiC/Si3N 4. On the micrograph, the crack enters from the lower left
and ends at the position of the uppermost arrow. Debond cracks are
between arrows along the interfaces.

b) Transmission electron micrograph of Si3N 4/SiC indicating grain

boundary debonding in the matrix between an elongated grain and

equiaxed grains
c) Transmission electron micrograph of a multiply-fractured whisker

well into the crack wake

Fig. 11. Scanning electron microscope image of the crack tip region in AM203/SiC
a) Initiation of a whisker crack from the end of an inclined debond
b) Debonding around the whisker end resulting in crack surface

interlocking

Fig. 12. SEM investigation of a crack in A12 0 3 /SiC after etching in

orthophosphoric acid
a) Overview
b) Crack tip region showing intact whiskers

Fig. 13. Scznning electron microscope image of fracture surface of SiN 4/SiC
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Abstract linear zone (Fig. I 'is appreciably larger than the

The principal mnicrostrucmural sources (J toh- spacing between the microstructural entities
Thare rvipalioswth rasis o tons which dictate the non-linearity, as elaboratedeung rereviewed, with ephasi. o contparin. below. Otherwise. macrostructural interactions

between theory and experiment. Process zone

mechanisms, such as transformation and micro- must be treated discretely.

cracking, as well as bridging nechanisms induced The known mechanisms can be conveniently

by either ductile phases orfibers and whiskers are considered to involve either a process zone or a

afforded primary consideration. Microsuctural bridging zone (Fig. 3). The former category ex-
variables which allow toutghness optinization are hibits a toughening fundamentally governed by a

discussed. critical stress for the onset of non-linearity (o, in
Fig. 1) and by the permanent strain induced by
the non-linear mechanism (e, in Fig. I). The hys-

1. Introduction teresis is dictated by the stress-strain behavior of

The last decade has witnessed major advances composite elements within the process zone, such

in the development of ceramics having enhanced that integration over the zone gives

toughness. All the mechanisms which provide AG, 2fanEh (1)
appreciable toughening have the common feature
that material elements at, or near, the crack sur-
faces exhibit non-linear behavior, with hysteresis, I Strain

as schematically illustrated in Fig. 1. Indeed, the
toughening can be explicitly related to the hyster- * MARTENSie TRANSFORMATION

esis, as will be elaborated for each of the impor- * MICROCRACKING IDEBONDING
tantsmechanisms. Furthermore. in most cases, the * INTERFACIAL SLIDING
mode of toughening results in resistance curve * PLASTIC DEFORMATION
characteristics (Fig. 2), wherein the fracture
resistance systematically increases with crack -
extension. The individual mechanisms that have ress
been established include displacive transforma-
tions, microcracking, ductile phase and brittle ------------
fiber or whisker reinforcement. The general phil-
osophy adopted in the modelling of the toughen-
ing includes the classical concept of

homogenizing the properties of the material
around the crack and formulating a constitutive
law which then characterizes the material
response. This approach fully describes the _

toughening behavior when the length of the non-

*Paper presented at the 3rd International Conference on Fig. I. A schematc diagram illustratng non-linear hysteretic
the Science of Hard Materials. Nassau. The Bahamas. elemental response and associations with enhanced tough-
November 9-13, 1987. ness.

092 1-5093188/S3.50 0 Elsevier SequoialPrinted in The Netherlands
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a2 tionship between fA and the volume fraction f
depends on reinforcement morphology, on the
residual stress and on the elastic mismatch
(through crack attraction-repulsion effects). Duc-
tile dispersions, as well as whiskers and fibers,

20 -i; K3 = toughen by means of bridging tractions.

In the toughest materials, a steady state crack-
ing phenomenon has been identified, wherein the

f "a MICROCRACKING TOUGHENING crack extension stress becomes independent of
,/WHOKER |crack length. For such materials, the toughness is

usually non-unique and not, therefore, a useful
material parameter. It is also noted that some of

CVNT:C.AL the composite systems of interest have aniso-
AJ2O. PZT tropic toughnes., causing the properties to

CRACK ADVANCE. Aa depend on the loading axis and the mode of load-
ing. However, the central problem that must first
be resolved in order to have a successful tough

Fig. 2. Resistakie curve behavior characteristically encoun- composite concerns the mode I (tensile) crack
tered in tough ceramics: K3 is the fracture resistance and Au propagation resistance on planes normal to the
the crack advance. reinforcement axis. This mode of crack propaga-

tion is thus emphasized in the present paper.-T ------ <"°  ,.-,,=.V,
0~ 0 0 2. Steady state cracking

O 0 In certain composite ceramics, matrix cracking
Q, - L occurs at a constant stress [1-31. This phen-

U. I omenon is referred to as steady state cracking.
Such behavior is most widely known in fiber-rein-

CRACK' Q 'P / forced ceramics but is also possible in ductile-
O-'/ phase-reinforced ceramics. Steady state cracking

in fiber-reinforced 
ceramics 

involves 
mode

.-- " 1STRIETCH cracks which extend normal to the fiber axis,----- - - ZONE

PROCESS ZONE' resulting in a crack bridged by strong reinforce-ments (Fig. 4). An equilibrium crack opening then
Fig. 3. A schematic diagram illustrating both process zone delos i th the A ull y supp ediby the
andtwidging zone mechanisms of toughening. develops, with the load fully supported by theintact reinforcements. Fbr such cases, the stress

intensity associated with matrix cracking
where AG, , the increase in critical strain energy becomes independent of crack length. The steady
release rate, f is the volume fraction of toughen- state stress depends on the response of the inter-
ing agent and h is the width of the process zone face and matrix to the load on the reinforcements
(Fig. 3). Transformation and microcrack toughen- between the crack surfaces. For fibers which
ing are mechanisms of this type. resist opening by friction, the cracking stress is

The latter category exhibits toughening [1-31
governed by hysteresis along the crack surface:

is f to, -E f E 'I a l ( 3 )AG,-f~fo(u)du (2) am F. (-f)E 3R I E.()

0 where r is the shear resistance of the interface, K
where u is the crack opening. u. the opening at is the fracture resistance of the matrix, f is the
the edge of the bridging zone, o the tractions on volume fraction of fibers, E is Young's modulus.
the crack surfaces exerted by the intact toughen- R is the fiber radius, o, is the-residual stress in
ing agent (Fig. 3) and fA is the area fraction of the matrix, and the subscripts f and m refer to the
reinforcements along the crack plane. The rela- fiber and matrix respectively. This prediction
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low- 3. Transfornation toughening

*rhe stress-induced transformation% which can
cause sagnificant toughenling! include mariew-itic
,6. 71 andl lerroelastic 181 tran%forrnations. as. %%ell

atwinning. *Ihe h); tmer involves hothI d ilatat tonal
and shear components of the tianslorniation
strain, while the latter typically have onil[ a shear
component. 'Martensitic transformation toughen-
ing in ZrO. has been most extensi~e% investi-
tizated and w'ill hl given primar% emphasis.

A\t the simplest level. transformation toughien-
Inc call lie icuardedl a%5 ai jprocc%%LI doml itedl 11
the dilatational component oflftle ts-Ie
%train. 4", as expressed lin the ascated super-
critical* stress-strain curve. Then. on the basks of
the path independence of the .1 integral. initial

- crack orowth ccur% without toughenine Fie. 2.
However. on crack extension. .1 bccomes path
dependent, and tmti1heniiic1 deCvel11 opsr %ith~d

- slte Conditions. thle s-ipercrit tal ii uicheiing ks
readily derived ats 10. 9-111

a (,, = 2hff ad E (5)

where the integral represents the hysteresis area
depicted in Fig. 1, such that (cf. eqn. (1))

agrees well with various experimentall results [2, A G,- 2fiaej (6)
31 obtained on fiber-reinforced ceramics and This steady state level is attained after crack

The equivalent result for pertiafly debonded extensions of about 5h (9]. A directly equivalent
fibers without friction is [31 result for the increase AK, in critical stress

intensity factor can be derived by considering the
& E j6 j", residual stress field created by transformation,

IJ 4119 1 E.I~-
where E is the composite modulus and A -0.22 is

where I is the debonded length, 9 is die ratio of a coefficient.
the debond to matrix foughneis, Y is Ftissons Comparison with experimentall data (6) (Fig. 5)
ratio and po-f 0.A/(I -f)116EIE4 I + Vm) 1 2. has revealled that eqn. (6) consistently underesti-

Steady state crack growth conditions exist mates the toughness, because shear effects and
when the reinforcement strength S satisfies; the zone widening have not been incorporated. One
inequality 5> ajf. Such materials have very hypothesis regarding the shear strain which seemt-
desirable properties, by virtue of the associated ingly coincides with existing observations and
damage tolerance and significant non-linearity measurements involves non-associzied flow 16J.
before ultimate failure [4, 51. The transition from .Specifically, it is presumed that the shear stress
matrix cracking to toughness-controlled fracture dominates the nucleation of the transformation,
can sometimes be conveniently represented as a because of the large transformation shear strain
map. For excmple, when frictional sliding domi - _____

nates the composite fracture process, imposing *Supoercritical ree to the condition %~herein all panicies
5ajf onto eqn. (3) gives. a transition condition. within the proces" zone fully transform.
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Fig. 5. A comparion between theory and experiment forvarous panally sablize zirconia materials: K refers to a rl- + OA  ::
zone shape dictated by the equivalent stre.,. %hereas AK a  D
refers to a zone shape governed by the mean stress.

Fig. 6. The basic concepts o(microcrck toughening.

associated with the nucleus, but that the residual
particle strain is predominantly dilatational,
because extensive twinning eliminates long-rarge cle-sizc-dependent toughness is thus inevitable
shear strains [ 121. This premise results in the zone for this mechanism.
profile, in plane strain, which, by vinue, of the Finally, it should be noted that h is not usually
absence of the transformed material ahead of the unique but varies with crack extension, especially
crack, predicts a toughening that exceeds eqn. (6) during initial growth [9, 18, 191. This behavior
and furthermore agrees well with experimental leads to resistance curves which increase over
data (Fig. 5). Such zone profiles are also consist- larger crack extension lengths than expected from
ent with available observations [13, 141. While the the constant-h analysis [201. The full simulation
above notions offer a self-consistent explanation of this process has yet to be performed.
of the transformation toughening in some cases. it
is emphasized that alternative models of the influ-
ence of shear strains must be used to address
other transformation problems, especially twin The phenomenon of microcrack toughening
and ferroelastic toughening. has been postulated for over a decade [21-231

The zone size h represents the major micro- and. indeed, a range of materials exhibit trends in
structural influence on toughness. Clearly. h is toughness with particle size. temperature, etc..
governed by a nucleation law [151. However. a qualitatively consistent with this mechanism.
fully validated law for nucleation does not yet However. as yet there is only one fully validated
exist, because the nucleation sequence has not example of this mechanism: AIO toughened
been established. Consequently. connections with monoclinic ZrO, (241. The fundamental
between h and the microstructure still cannot be premise concerning the mechanism is depicted in
specified. Nevertheless. certain trends are appar- Fig. 6. Microcracks occur within regions of local
et. based on the free energy of the fully trans- residual tension, caused by thermal expansion
formed product [16. 171. Specifically. h invariably mismatch or by transformation 125. 261. The mi-
decreases with increase in temperature and de- crocracks locally relieve the residual tension and
crease in particle size. A temperature- and parti- thus cause a dilatation governed by the volume
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displaced by the microcrack. Furthermore. the A

microcracks reduce the elastic modulus within T
the microcrack process zone. Consequently, the & .15 -
elemental stress-strain curve for a microcracking 0 " \Crack
solid has the form depicted in Fig. 6. The hyster- E .. Plane
esis dictated by this curve, when the microcracks Q.:. 0.10
are activated by the passage of a macrocrack. .10
contributes to the change in toughness. as elabor- . %,

ated below. However, this contribution is partially ,
counteracted by a degradation of the material T 0.0,
ahead of the microcrack. The full extent of the h
degradation is at present unknown.

The crack shielding can be conveniently separ- 0 1 2 3 4 5 6 7
ated into dilatational and modulus contributionF. Distance from Crack Plane. y (pum)
The former depends on the process zone size and Fig. 7. rends in microcrack denity %ith distance from the
shape, while the latter depends only on the zone crack surface for an AI.O,-ZrO: matcrial %ith predomi-
shape. The dilatational contribution AKd has nantly monoclinic ZrO:.

essentially the same form as eqn. t7). Notably for
steady state supercritical conditions [24, 261. crack toughening is nevertheless incomplete. In
AKd- -!Ef0hl' 2  (8) particular. interaction effects between the modu-

lus and dilatationaI contribution, as well as near-
where or is the volume strain, as governed by the tip degradation effects require further in-
microcrack shape and the prior residual tension. vestigation.
The steady state modulus contribution AK, is Because of the experimental difficulty involved
[26] in detecting microcracks*, there are no other vali-

dated examples of microcrack toughening. How-
( -v) AK. I)[i ever, it is noted that several particulate-reinforced

K,- 1k systems exist wherein enhanced toughness only
develops when the particulates exceed a critical

+ (k- + size. Microcracking is a likely contribution to the
+ ,a + ) toughening in several of these systems.

One potentially detrimental feature of micro-
where k; - 0.017, k, -0.043, ju is the shear crack toughening is the incidence of thermal
modulus, the bar refers to microcracked material microcracks at the largest particles in the
and K, is the composite toughness. The contribu- distribution [24]. Such cracks can be strength
tions AKd and AK, are additive unless both are limiting, resulting in material which is relatively
large compared with Kc. whereupon interaction tough but has only moderate strength t281. Avoid-
effects occur and numerical procedures are then ance of such strength-limiting cracks requires
needed to determine the change in toughness stringent control of the size distribution of the
(27). reinforcing particles, just beneath the critical size

Comparison between theory and experiment for thermal microcracking.
has been made for the AI,O.-ZrO, system (24, Finally, it is noted that the dilatational contri-
based on the microcrack density measurements bution to microcrack toughening would usually
presented in Fig. 7 (obtained using electron mi- be temperature dependent because of the reduc-
croscopy), and the OT results for annular micro- tion in residual stress with increase in tempera-
cracks with interface opening. For this case, the ture. However. the modulus contribution is
contributions to toughening from the dilatation temperature invariant, at least at temperatures
and the modulus are evaluated as approximately below which the process zone size is relatively
2.5 and 5 MPa m" 2 respectively, compared with a large compared with the microcrack spacing.
measured composite toughness of about 6 MPa Microcrack toughening is, typically. less potent
M' 2. While this comparison is reasonable and than transformation toughening.
validates microcracking as the prevalent toughen-
ing mechanism, present understanding of micro- *Typical residual crack openigs are le.s than 2 nm.
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5. Ductile phase toughening

Practical ceramic systems toughened by ductile CRACK
phases typically have interpenetrating networks.
of the brittle and ductile phases. For such sys- RESIDUAL TRACTIZONE
tems. cracks in the brittle ceramic phase are LTRACTIONS

required to intercept the ductile phase such that ADDITIONAL
the area fraction of reinforcing phase on the crack TOUGHENING r-
plane is of the same order as the volume fraction.
In these materials, two sources of toughening .
occur, as governed by plasticity in the ductile
phase. Segments intercepted by the crack exhibit " CRACK
plastic stretching in the crack wake 129) %Fig. 3, 1,y. ., PLANE
and contribute to the toughness by inhibiting / /, .,WITH RESIDUAL

• 5 STRESS
crack opening. Simultaneouily. plastic straining WITHOUT RESIDUAL
of segments in a process zone causes crack STRESS
shielding (Fig. 3). The former mechanism has the
general characteristics that high toughness is '.L__
encouraged by a large value of the product of the ula

work of rupture and particle size (291. By Fig. X. Stre,.s-crack opening relaton fir ,a crack bridged by
contrast, the crack shielding process tends to a dudcil tlicle.

become larger for ductile sections having a small
size and low yield strength. An estimate of the
shielding has been derived by considering the
residual strain in the crack wake caused by plastic 3.0
distortion of ductile enclaves in an elastic matrix.
This estimate indicates that, to achieve an appre-
ciable shielding contribution to the toughness, the
yield strength Y must be less than about 10 MPa 2.0
and the ductile phase sections less than about iJo.
I jm in diameter.

The contribution to the toughness from
stretching between crack surfaces is explicitly 1.0
governed by the stress-opening curve (eqn. (2)),
as depicted in Fig. 8, such that [29, 301
AG,-xfYa (10)
where a is the radius of the ductile enclave and X 0 0.1 0.2 0.3
is a parameter which depends on the work-hard- HARDENING RATE. n
ening rate n. the ductility of the ductile phase and Fig. 9. Trends in Ioughiess with hardening rate with AG,!
the bonding between the ductile and brittle IYa being equivalent tox in eqn. (10).
phases. Calculations conducted for fully bonded,
fully ductile phases which neck to a point predict
X values of between 0.5 and 3 [29] (Fig. 9). How- Finally, it is noted that ductile particle tough-
ever, larger values of X are possible when limited ening should be temperature sensitive, because of
debonding occurs [30. The maximum X observed the temperature dependence of the yield strength.
by experiment is about 6. Based on this maximum
value, experimental toughness data obtained for 6. Fiber and whisker toughening
the AI.O.-AI system (Fig. 10) conform well with
the values predicted by eqn. (10). However, the The toughening of ceramics by brittle fibers
incidence of debonding in this system has not and/or whiskers occurs subject to debonding at
been established. Further understanding of this the interface. In the absence of debonding.
mode of toughening is thus predicated on a rigor- because the fiber and matrix typically have com-
ous assessment of interface debonding. parable toughnesses, the composite is brittle and
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ing. its dependence on interface prcopertie!:. and
*. .~, .its effect on crack opening and fiber failure.

'rhe full deliondina a.nd fiber fracture problem
has severil different aslpects which eventually

- 4 require remilution. The.e include the chairae-SW teri%tic% of interface I i ature prolici ticN,i and ;%%t-
elated require'menlts for the initiat in and extenlt

~ .4of deNondine at the matrix crack ipj. -,% %tell ;I% the
influence of debond leneth on the crack-opet.nine

W. . force and the relation--hlp between debiind length
.11d the fiber fratctuire force. While %onte lroiere%s
h la% been mlade to%%a.rd ,tn tintlcrsianiuniii 01he'e

- ; probleml%. %e~cr;Il imiportant quc%iiln. r1 0ta.1
thc prcent %miuI,. i briefly rce ie%%ed.

'Rhe central i%%uc to bie addressed in tharticle
r. concert's tle mode I propagation resiwance [or

matrix cracks on a plane normal to the ier axis.
Once this problema has been confronted and

Fig 10 Dutie rptue i A.-%At evelig tat he resolved in terms of interface dlebonding etc..
Fluinu fads D byil napein~ ,A cein~ta h mixed-mode and delamnination crackine effect.;

alumnum ailsb7 ~require resolution. in order to describe tihe over-
all fracture behavior of the composite.

Interfacial interface
Sliding Debonding 6.1. Initial debonding

3- Even though debonding at the matrix crack tip
is a prerequisite to fiber toughening. there is

0 minimal quantitative understanding of the
phenomenon. Two mechanic-, solutions have

2- relevance: one for forked or kinked cracks [3 11
Ceramicand the other for debondling ahead of a crack tip

(r comtpost. [31. The solution to the former clearly indicates
- that debonding is a mixed-mode problem (Fig.

-- -- \,12). Furthermore, dehonding initiates when the
IC, ule-f .~xtuiesinterface fracture resistance is about quarter thai of
0 the fibers. However, further debonding becomes
I- increasingly difficult. The extent of the difficulty

is estimated from the latter solution, which
0.1 0.2 0.3 0.4 reveals that, in order to achieve extensive

Matrix VOLUME FRACTION OF FIBERS. f diebonding. the interface fracture resistance
Fig.11.Theroleof etindij inloulknnj.should be about an order of magnitude less than
Fig.ii.Therol o~ehoningn ttigtenng.that of the matrix (Fig. 13). Further experimental

and theoretical study of this important phen-
omenon would greatly facilitate the design of

satisfies a rule of mixtures (Fig. 11). Debonding interfaces that allow optimal dci~onding.
reduces the amplitude of the stress concentration
at the fiber along the matrix crack front and, 6.2 Crack opening
when sufficiently extensive, allows the crack to Preliminary results have been obtained for the
circumvent the fiber, leaving the fiber intact in the crack-opening forces associated with intzct fiber%
crack wake. The intact fiber inhibits crack open- normal to the crack plane. For the extreme condi-
ing and allows a composite toughness exceeding tion of extensive debonding. with opening inhib-
that of either constituent (Fig. 11). The over- ited by friction, a shear lag analysis 12, 31 indicates
whelmingly important issue in fiber or whisker that the initial segment is linear and represents
toughening thus concerns the extent of debond- behavior wherein the interfacial shear stress is
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sliding and is given by

el.... ' O~ /7 - /( E u- (12)

Ietr \R 
I Oi-E2q+V 

L r

For debonds without friction, it is noted that a
I steady state condition exists when the debond
Ii length I> 2R, wherein the stress intensities and

strain energy release rate for the debond become
independent of 11321. When the matrix has the

2R same elastic properties, the steady state quantities
tire

0.5- K 0.11:
g o T ' O".28 +E a 7

___Kit 0.45tKitli -- 0.51+.
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(l1

G 0.37t
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Fig. 12. A schematic diqram illuqtrating trends in local K
with debond lenlth, where t is the stres on the fiber between the

crack surfaces, Aa is the thermal expansion mis-
match (fiber minus matrix) and AT is the cooling
range. Steady state debonding behavior dictates
that the crack openmis u varies linearly with
debond length, such that 132,331

10-1 d
I umi(fZ)+u.(Aa AT]f) (14)

6 where P is a function of the volume fraction fof
4 fibers and the modulus ratio I and u. is an offset

at zero stress.
2 ,When fibers fail, the above functions are

of ------ clearly modified and the further opening of the
I I - I _ I 0 crack often occurs subject to a declining stress, as

o 0.02 004 0.0 00 0.10 0.1 elaborated below.

Fil. 13. Trends in debond length with relative interface 63. Fiberfailure
fracture resistance. The process of fiber failure is not yet under-

stood in detail. Available analyses have focused
less than the sliding stress r such that the stress on the problem of fracture behind the matrix
on the fiber end is crack front, neglecting fractures which might

occur in the crack tip field. When fibers fail in the
am ifE,(l + ) wake, large debond lengths encourage a statistical

R U (11) mode of fracture within the debond zone. as

governed by the flaw size distribution in the fiber.
where , - Ef/(l - f)Em. At larger stresses The statistical mode of fiber failure leads to a
(a>2rfE(l + )/l). the behavior is dominated by fiber failure probability which increases with
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increase in distance behind the crack tip 1341, 6.4. The toughening
while the most probable fiber failure location dis- Trends in toughening can he deduced from the
places further from the crack surface. The asso- ot) function. using cqn. t2). However. resistance
dated stress-displacement curves have sliding curve and steady state cracking effects must be
and pull-out contributions which can be derived considered as important related effects. Perhaps
in terms of the fracture properties of the fibers the most straightforward case involves the
and the shear resistance of the interface. For whisker, reinforced systems. AIOA-SiC and
fibers normal to the crack having a flaw strength SiN,-SiC. For these materials, limited debond-
distribution. ing along an amorphous interphase. without fric-

tion, seems to contribute to the toughness.
KS) dS- A, Consequently, for aligned whiskers normal to the(S., crack plane. eqns. i 2)and 1I 41 predict a toughen-

ing that varies linearly with debond length. The
where S, is a scale parameter and in a shape fiber fracture condition, as well as the initial
parameter; weakest-link statistics give the crack- crack-opening force, is also influenced by the
opening stresses, plotted in Fig. 14. in terms of residual field. Analysis of this problem has not yet
the non-dimensional qualities ul - and i/vwhcre. been conducted and. hence, trends in toughness
in this case, I and v are defined by with residual stress are at present unknown. Fur-

thermore. satisfactory solutions for toughness in
[So'"(m+ |1 the presence of non-aligned whiskers, which fail

R in the crack wake by bending plus tension, have

S1 6 yet to be developed.
I:R (Composites which exhibit extensive debonding

and frictional sliding typically have pull-out con-
"4Er(1 + ) tributions to the toughness 134. 35). The associ-

When the fibers or whiskers are inclined to the atd 0) functions (Fig. 14) may simply be
crack plan., additional effects occur. Clearly. the integrated to predict the asymptotic toughness.
inclination angle affects the debond length and using eqn. (2). Frequently. however, the mean
the sress at fiber fracture. However, following pull-out length exceeds the crack mouth opening
such fracture, crack-opening interference may (except for very long cracks), indicating that
persist, because of the trajectory of the associated asymptotic behavior does not occur and, instead.
fiber crack. An enhanced declining segment of fracture is governed b a rising resistance curve.
the o(u) function may then obtain. Simulation of trends in toughness with crack

extension has yet to be conducted.
One important feature of fiber and whisker

toughening is the absence of an obvious tempera-
10 ture-dependent parameter. except for possible
0t temperature effects on the #ebond resistance.
s M,,e This toughening approach thus seems to have the

o.7- greatest potential for toughneess at elevated tem-
perature.

o. \o7. Oter mechanisms

3 ",A number of ceramic materials have a contri-
bution to toughness from intact grains along the

\ --------- .crack surface [361. The phenomenon is evident in
Ms . .. several large-grained polycrystals, most notably

0--------- I-....-- AIO, and in certain glass ceramics. The contri-
0 2 3 4 s bution of these intact grains to toughness is for-

(u/a') mally similar to whisker toughening. However.
FPi. 14. Stress-cnack-opcting functun, lor %matical hbat the corresponding ou) law and the analogous cri-
railutc with fncik, teria which govern grain intactnss are not yet
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well understood. Nevertheless. by direct analogy 5 D. B Marshall and A. G. Evans, J. Am. Ceratm..Voc.. (V

to whisker toughening, grain b)undaries weak- 419,51225.

ened by additives have been demonstrated 137] to 6 A.G. Ean, and R. N. .annon. Ada Aetall.. 3" 1986t
encourage bridging effects and thus to enhance 7 N. Clausx.n, M. RuhWl and A. H. Heuer wed.). AdYim¢e
toughness. The abilky of certain grains to remain ti C'emmiks. Vg. 12. American Ceramic Society, Colum-

intact probably involves residual stresses, with bus.OH. 1985.

associated grain size effects 138], perhaps coupled 8 A. Virkar and R. Matsumoto. J. Am. C(enim. Si;. 6911986)C224,

with statistical variability of the grain boundary 9 R. MeMecki.ard A. G, Evan. J. Am. Cem. Soc.. 6.5
fracture resistance. 4 1992) 242n

tW I). B. Marshall. M. I). Drorv and A. G. hvan. in R. C
raidt, A. G, Uvans. D. . H. Hasiclman and F. F. Langc

8. Sy'nerglism tcd%.. rritraite %kchant of 'n a '. Vol, 5. Plenum.

When bridging and process zone mechanisms New York. 1983. p. 289I 1I11. Budian..ky. J. W. Hutchinson and J. I.,mnhropolot.occur in conjunction. synergistic toughening i0.f, SudaiStnJ.lY .IM3n.1.1d,

becomes possible 139. 401. The basic concept is 12 Mt. Ruble and W, M. Kriven. in H. Aaronson. 1).
illustrated in Fig. 3. Specifically. the tractions Laughlin. R. 1: ,ekerkn and C M. Wayman ted%.,.

exerted on the crack surface by the intact parti- ,olid-.olid lhaO Triofuinnu . AIMI. New York.

des can locally widen the process zone. This zone 13 98. p.9 7  .
in ~ ~ ~ ~ ~ ~ ~ ~ 1 tunMnacstetpsilig N. V. Swain and L. R. F. Rowe. J. Ain. Cerami. Smt.. 69widening, in turn. enhances the tip shielding 41986511.
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ABSTRACT

Finite element analysis was used to study the fracture toughening of a

ceramic by a stress induced dilatant transformation of second phase particles.

The finite element method was based on a continuum theory which

modelled the composite as subcritical material. Transient crack growth was

simulated in the finite element mesh by a nodal release technique. The

crack's remote tensile opening load was adjusted to maintain the near tip

energy release rate at the level necessary for crack advance. The

transformation zone surrounding the crack developed as the crack propagated

through the composite. Resistance curves were computed from the analysis;

and the results show that during crack advance maximum toughness is

achieved before steady-state is reached.

The toughening effect of a crack-bridging ductile phase in a brittle

material may be predicted if ligament deformation is characterized. A

plastically deforming ligament constrained by surrounding elastic matrix

material is modelled using finite elements and the relevant toughness

enhancement information extracted. Comparison is made to model

experiments as well as to toughnesses measured for technologically important

materials. The results suggest that debonding along the interface between the

ligament and the matrix may enhance the toughening effect of a ductile

phase.



INTRODUCTION

There is a critical need for light weight high strength materials,

especially for high temperature applications. Candidates for development are

ceramics and intermetallics which both have the disadvantage of brittleness

with little elongation at failure. As a substitute in such materials, it is

desirable to improve the fracture toughness so that notch and flaw sensitivity

becomes less of a" problem. A common strategy for improving fracture

toughness is to make a composite material by putting whiskers, fibers or

particles into the brittle matrix. The design of optimal composite

microstructures must be based on accurate models of the mechanism of

toughening. arising from the reinforcements. This paper reviews two such

model calculations for transformation toughened and ductile particle

toughened materials.

TRANSFORMATION TOUGHENING

The fracture toughness of ceramic materials can be greatly enhanced by

the presence of particles which undergo a stress induced martensitic

transformation (Evans and Heuer (1]; Evans and Cannon [21) such as takes

place in systems containing stabilized zirconia (ZrO2) particles. At sufficiently

high stress, the particles of such systems undergo a transformation from the

tetragonal to monoclinic phase which is accompanied by a volume increase of

4% for the particles. This dilatation strain is the mechanism which increases

the effective fracture toughness of the composite material. Since the

transformation is stress induced, a zone of material' containing transformed

particles will surround the crack tip. The volume expansion of the particles

in this zone will cause eigenstresses which will tend to close the crack and
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lower the stress intensity factor at the tip. This shielding mechanism means

that a higher applied load than otherwise, and therefore, an apparently higher

stress intensity factor, is required to pfopagate the crack.

Transformation toughening was first modelled by McMeeking and

Evans [31 and Budiansky, Hutchinson and Lambropoulos [4]. The effect of

phase transformation was represented by the hydrostatic stress versus

dilatation strain shown in Fig. 1. At the critical stress e. phase

transformation commences. If the slope B- of the stress-strain curve during

transformation is below -4G/3, where G is the shear modulus, then the

transformation continues spontaneously to completion [4]. This situation has

been termed supercritical. In the model of McMeeking and Evans, the phase

transformation was supercritical and the volume increase due to

transformation was small. They obtained estimates of the R-curve, the

toughness value which rises as the crack grows. Eventually, a steady state

toughness value develops after an amount of crack growth which is about 3

transformation zone widths. Budiansky et al. [41 considered supercritical and

also subcritical materials in steady-staie crack advance only. In the subcritical

case, with B- > -4G/3, the phase change occurs gradually and the material can

remain stably in a state in which the particles are only partially transformed.

Budiansky et al. also accounted accurately for the perturbation of the

transformation zone size and shape due to the stresses induced by the

transformation itself. Using finite element analysis, they calculated steady

state fracture toughnesses including cases where the volume increase from

the transformation was quite large.

Stump and Budiansky (5] have recently provided a more accurate

estimate of the R-curve for a crack advancing in supercritically transforming



material The transformation zone evolves as the crack advances and remote

load was adjusted to maintain the stress intensity factor at the critical value at

the crack tip. Their numerical analysis shows that maximum fracture

toughness occurs after a finite amount of crack advance, and that this

maximum can be significantly higher than the steady-state fracture toughness

which develops later. This indicates that the amount of toughening is

underestimated by the steady state value. The steady state estimate generally

underpredicts expermental data [2] so the new predictions bring the theory

into better agreement.

The purpose of the calculations performed for this paper is to examine

the transient behavior of a crack advancing in a material which transforms

subcritically. Experimental evidence indicates that the transformation zones

surrounding a crack tip tend to be diffuse or partially transformed indicating a

subcritical transformation. Finite element analysis is used to solve the

problem of a semi-infinite crack growing in a transforming material under

Mode I loading and plane strain conditions. Crack growth in the finite

element mesh is modelled using a nodal release technique; the

transformation zone develops as the crack advances. Resistance curves are

computed for different dilatant transformation strains and the results are

compared with the steady-state analysis of Budiansky et al. (4]. A near critical

case equivalent to one done by Stump and Budiansky (5] was also analyzed for

comparison.

Constitutive Relations

In this section we describe the constitutive relations used to model

transformation toughened composites. Developed by Budiansky et al. [41, the
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model assumes the transformation zone contains many particles so that an

incremental continuum description of the composite can be formulated. The

composite material is isotropic and consists of a linear elastic matrix

containing particles which undergo an irreversible dilatant transformation.

The particles are otherwise isotropic and linear elastic and have a volume

fraction of c.

Since the transformation is purely dilatant, the macroscopic shear

response is entirely linear elastic with modulus G, which will depend on the

composite properties of the material. Thus the deviatoric stress-strain

relationship for the composite is

a+= 2G e(

where a' is the deviatoric part of the macroscopic stress and e' is the

deviatoric part of the miacroscopic strain.

The dilatant behavior of the composite is depicted in Fig. 1, and can be

represented by

= +9 (2)

where eu denotes the total dilatation; am is the hydrostatic part of the stress

equal to a%/3; B is the bulk modulus for the material; and 0 is the cunent

dilatation due to particle transformation in a macroscopic element of the

composite material. (Einstein summation is used on repeated indices

throughout.)

When the strain = / / B is exceeded, particles at the material

point change phase to some extent, and an individual particle experiences a



dilatation 9 when it transforms completely. When all of the particles at a

material point transform, the macroscopic dilatation 9 is equal to etJ. In a

material in which the elastic moduli.of the particles are identical with those

of the matrix e" = c [4]. However, McMeeking [61 has shown that in binary

elastic composites, E" differs from c by a factor which depends on the ratios of

elastic moduli. When the material is partially transformed in subcritical

materials, the incremental dilatation during loading (ekk > 0) and due to

transformation is [4]

d =(I- 1B )i' (3)

when a., /B+8 (1-B / B)< Ckk : 5 a /B+ et, (1-Bf /B). Since the phase

transformation is irreversible, 9 remains constant during unloading (ek < 0)

in all cases. In the critical and supercritical case, eq. (3) is replaced by

dO / def=56 a,-aI B) (4)

where 6D is a Dirac delta function.

For critical and supercritical behavior, a region of partially transformed

material does not exist, and 9 is discontinuous at the edge of the

transformation zone. In this situation, the governing equations are no longer

completely elliptic as they are for subcritical materials [4].

Boundary Value Problem

A boundary-layer formulation, as described by Rice [71, was used to

solve the problem of a semi-infinite crack growing in plane strain with a

small scale zone of phase transforming particles (see Fig. 2). In this

formulation it is assumed the outer boundary of the problem domain is large

compared with the transformation zone surrounding the crack tip.

IW4
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Displacement boundary conditions corresponding to a Mode I linear elastic

plane strain field are applied remote to the crack tip. This displacement field

is given by the singular part of the near tip field

ua(r 8o)=-2 x r. ("

where KAPP is the Mode I elastic stress intensity factor applied remote from the

crack tip, u is the displacement field, v is Possion's ratio and iT are universal

functions for mode I which can be found in any fracture mechanics text. The

coordinate system is chosen so that the origin lies at the crack tip. The xl and

x2 axes are parallel and perpendicular to the crack respectively and r and 8 are

polar coordinates as shown in Fig. 2. The external load applied to the plane

strain region is then characterized by the stress intensity factor KAP.

The material behavior described in the previous section was used to

model the transforming strain region. As shown in Fig. 2, material near the

tip transforms due to the stress concentration generated by the crack. A zone

of material which has completely transformed (8= "" d) surrounds the

crack tip. This core region is incrementally linear elastic with a permanent

residual strain. Consequently, the stress field at the crack tip has a r-112

singularity and is characterized by a stress intensity factor /O'u. For the

subcritical case, the region of purely transformed material is surrounded by a

zone of material which is partially transformed (0 < e" d).

For a stationary crack with monotonically increasing KAPP, no

unloading occurs and the J-integral of Rice (7] is path independent(4]. The

value of J on a contour taken entirely within the fully transformed zone near

the tip is
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=E (K ) (6)

On a contour completely outside the transformed zone,

= 2( )2 (7)

where E is the compositeYoung's modulus. Since I is path independent for a

stationary crack, then KAPP =/7P. Thus, prior to any crack growth, there is no

shielding [3,4]. The crack will commence growing when K A" = K' the

fracture toughness of the composite.

As the crack propagates and a wake of transformed material develops, KTIP

decreases due to shielding. To maintain crack growth, KAPP must be

continually adjusted so that KTIP equals KC. KAPP is the affective fracture

toughness of the composite material and the R-curve is its graph versu. the

amount of crack growth Aa.

Finally, all length scales in the moving crack tip problem were

normalized by L, where L is defined by

L ¢K C[(1 V (8)

Physically, L is the horizontal length of the nominal transformation zone for

the stationary crack with KAPP=KC. By normalizing all lengths with respect to

L a self similar solution in terms of KC is obtained. The solution depends on

the strength of the transformation which is characterized by the

nondimensional parameter o, where

co- LI v J(9)
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In the calcuatt. subcritical materials were considered for different values

of OL

Finite Element Formulation

For plane strain (d-,=* =O) and in the absence of body forces, the

principle of virtual velocities is (o = 1,2)

A s. (10)

where A is the area domain of the plane strain problem and ST is its surface

where tractions f are prescribed. 6 ui is an arbitrary virtual velocity variation

which disappears on the surface S-Sr where displacements are prescribed. The

incremental form of the constitutive relation given by equations (1) and (2) is

,. = 2 G i, +[(B - 2 G 1 3) 4 w- B" ]8. (11)

for plane strain where 5 is the Kronecker delta.

The principle (10) can be used to formulate a finite element method.

For this, purpose, we define an of the appropriate velocity field as

(uU e' B,(e)= B u (12)

where {hin ) are the nodal velocities, (NI and (B] are the shape functions and

( e ) = ( i n VY. Substituting (12) into the virtual work principle

(10) and using the constitutive relation (11) gives the finite element equations

'r T
Bt BF[CIL[BId A( uH )f( t)I N Id S+J[ B) I(C)I(e )d A

fA a A

(13)
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where (g.) are the strain rates due to transformation and (C) is the linear

elasticity matrix such tha't ( & ) - [C I ( i I when

e 0 (f l. o &,, , ) o. or plane stran (e ) conforms to

(1+ V) 8"8., (14)
3

The material's non-linear behavior is reflected completely in the

second term on the right hand side of equation (13). This term is the

contribution to the load vector due to '. The parameter or itself depends on

the velocity field. Therefore, {u" ) and ' must be found Iteratively. A

successive approximations approach is used. Given an estimate of 9" then

(uN ) can be computed from (13). Use of 'this estimate for the velocity field

provides a new estimate for. 9' computed from equation (3) or (4) if it is non

zero. This process is repeated until adequate convergence is achieved. The

converged velocity field ( ) is then used to provide an increment of

nodal displacements. The Iteration procedure was started by an initial gues

of 9' -0. In the case of the critical and supercritlcal materials, eq. (13) should be

interpreted as representing a finite increment.

In the finite element analysis, 4-noded quadrilateral elements with four

stations for the integration of the stiffness were used (Zienkiewicz (8]). The

domain containing the crack was modelled with 2720 elements and 2860

nodes as shown in Fig. 3. Since Mode I loading is symmetric, only the upper

half of the region, was considered. Symmetry conditions were applied directly

ahead of the crack tip (u2-0 on x2-0), while traction frea conditions exist at the

crack surface. Initially, the tip of the crack was located two elements to the

right of the left hand side of the finite element mesh in Fig. 3c. Displacement

boundary conditions given by (5) were applied to the outer boundary of the
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mesh (Fig. 3a). The dimensions of the mesh were choen so that the outer

radius was at least 100 times the transfortnation zone heght, h, thus ensuring

small scale transformation. The reflind mesh core was designed so the crack

could row a distance of 10h entirely in the fine mesh.

The nodal release technique was used to simulate crack growth in the

finit element mesh. This method has been used successfully by Sham [91,

Hawk and Bassani (10], and Charalambides and McMeeking (11). The

stationary crack solution was first obtained for KAF? ' 
.3 =Y .KC. Crack growth

was simulated by relaxing the nodal reaction force at the current crack tip

node in five Inrements. After the node was released, K'7 was obtained by

calculating the T-egteral close to the new crack tip. This computation was

done using L ss derivative method of Parks [12, 131. Then KAPP was

adjusted in fiv ents to return K', to the critical value. The procedure

was repeated to , .ase the new crack tip node. As the crack grows, the crack

tip moves from node to node towards the right side of the mesh (ftg 3). The

boundary conditions were also adjusted to maintain the singular field origin

at the moving crack tip.

The rate of convergence for the iterative procedure depends strongly on

the type of material modelled. Subcritical material converges quite rapidly.

For the cae f"-0 the stationary crack solution only required eleven iterations

for the convergence of the displacement norm (the sum of u.u. over all the

nodes) to Ive significant figures. On the other hand, the critical and

supercritical cases did not converge at all. In that case the material behavior is

represented by equation (4) and the transformation zone for the stationary

crack increases steadily in size with each iteration. To overcome this

problem, the transformation behavior was modelled with equation (3) as for a
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subcritical material but with Br slightly above the critical value. This method

involves a stable transformation. The value of B can be chosen so that the

transition zone of partial transformation is confined to a layer of material of

thickness less than the distance between integration stations. Although the

transformation that occurs is not exactly critical, the results should be almost

the same. The reason is that the discreteness of the mesh would spread the

discontinuity which characterizes the zone boundary in the critical and

supercritical case. Even when the critical case was modelled by just subcritical

conditions with I/,G-1.3 ,the stationary crack solution required fifty-three

iterations for the convergence of the displacement norm to five significant

figures.

The computations were done on a Convex CI-XP2"at the University of

California, Santa Barbara. A typical finite element run with Mr-0 required

4000 minutes of computer time to propagate the crack through 90 elements.

Results for a Growing Crack

Using finite element analysis, the problem of a moving crack was

solved for various material parameters. These characteristic parameter are

the transformation strength W, Possion's ratio v, and B /G. Three sets of

finite element computations were done with w-5, 10 and 15. In each set of

calculations, cases were run for B"/G-0, -0.5, and -1.0 with v-0.3. A

calculation with cowS and B /G-1.3 was also done to compare a near critical

result with the calculations of Stump and Budiansky (5]. The two cas where

w-10 and 15 with B /G--1.3 were not done because of the large amount of

computer time required; indeed the stationary crack solutions needed more

than 200 iterations to converge. In all the finite element cases the crack was
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propagated a distance of approximately 9L. In this paper, the near critical

solution and one of the others is described. The complete set of results are

presented elswhee (141.

Transformation Zones

The transformation zone for the near critical case (B /G-1.3) with 0.5

and Aa a 11.4L Is shown in Fig. 4. In this case, the layer of partially

transformed material is very thin. Apart from this thin layer, the material

inside the zone has transformed completely. It is clear from the zone shape,

that as the crack grew, the zone first widened. After reaching a maximum

width, the zone narrowed sharply with gro ith and then appears to settle into

a steady state.

In this case, the maximum zone height is 1.06L and occurs after the

crack has grown a distance 3.7L The finite element results show that the zone

reaches a steady-state height of 0.88L. The transient behavior of a crack

growing in a supercritical material has also been considered by Stump and

Budiansky (5]. For w-5, their results show that the maximum zone height is

1.03L and occurs when Aa=2.4L. Their computation also predicts a steady-state

zone height of 0.89L.

Fig. 5 shows the transformation zone when B /G-O and o5 after

the crack has propagated a distance 8.6L. The zone is depicted as contour plots

of the transformation dilatation e. The dilatation is normalized by j O. As

expected the crack tip Is surrounded by a region of fully transformed material

which in turn is surrounded by a region of partially transformed material. In

this case h reaches a maximum of 0.87L after the crack has propagated a
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distance .4L. The steady-state zone height predicted by the finite element

calculations is 0.81L.

Resistance Curves

As mentioned earlier, the remote applied stress intensity factor was

varied during crack advance to maintain KC at the crack tip. The parameter

KAPP is a measure of the effective fracture toughness in a transformation

toughened composite and the R-curves (KAPP verses Aa) for the case when

w-5 are shown in Fig. 6. As expected, in each case the transformation zone

shields the crack tip and toughening is observed. The R-curves rise to a peak

level associated with the widest part of the zone. Thereafter, the R-curve falls

as the zone narrows. The relative amount of toughening is higher for the

lower values of B because there is relatively more fully transformed material

in the wake zone. In addition, the peak toughening is more pronounced

when B- is more negative.

After the crack has propagated a sufficient distance, the R-curve reaches

an asymptotic value. This steady-state value of KAPP corresponds to the

steady-state region in the transformation zone. For comparison, the dashed

lines in Fig. 6 denote the toughnesses predicted by the steady-state finite

element analysis of Budiansky et al. [4]. The subcritical steady-state values of

KAPP predicted by our transient finite element analysis are higher than those

of [4]. For example when B =0, the steady-state toughness predicted by the

finite element analysis is 1.19KC while the analysis of Budiansky et al (4].

predicts 1.17Kc. This means that our prediction of the zone contribution is

about 10% higher. The difference is unresolved.
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The toughness for the near critical material B /G-1.3 predicted by our

finite element calculation agrees well with the steady-state analysis for critical

and supercrltical materials which is exact. This latter result gives us a degree

of confidence in our numerical solutions. For the near critical case (B -1.3)

with o)-5, the finite element analysis predicts a maximum and steady-state

KAPP of 1.30KC and 1.27KC respectively. The peak in KAPP occurs when the

crack has grown a distance 5.6L. For the supercritical material, Stump and

Budlansky (51 predict values of 1.29 KC and 1.26KC for oaS. In their analysis,

they found that maximum KAPP occurred when Aa=5.5L.

For the subcritical material, the difference in the peak and steady-state

toughnesses are much smaller than the supercritical case. For E- -0 the finite

element analysis shows that both the, peak and steady-state KAPP are

indistinguishable at 1.19KC. Even for B" =-1.0, the peak KAP P is only 1.27KC

compared to a steady-state value of 1.260c

Discussion

The finite element results presented in this paper indicate agreement

between our near critical solution and the accepted steady state toughening

estimate of previous work (3, 4, 51. In addition, the peak toughness predicted

here by finite elements agrees with the value obtained by Stump and

Budiantky [51 by --other method. This gives us confidence in our numerical

results even though some of our other calculations disagree with the

est-blished solutions [4]. It is worth noting that we have achieved agreem.=t

V other results in the case in which we found convergence most difficult

to obtain.
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As with the work of Stump and Budiansky [5], the importance of the

transient numedcal results over the previous steady state solutions is that the

predicted peaks In the R-curves axe higher. Since the peak values of

toughening will determine the potential toughness of the composite material,

these higher values are significant. Since theory has so far underpredicted the

potency of the transformation toughening mechanism [2], the new results

offer the prospect of bringing theory into better agreement.

DUCTILE PHASE TOUG1ENqhNG

The addition of a dispersed ductile phase to a brittle material can lead to

significant increases in fracture resistance compared to the untoughened

matrix material. Examples of current or potential technological significance

which have been studied are tungsten carbide reinforced with cobalt [15],

alumina reinforced with aluminum [16,17] and a brittle titanium-aluminum

alloy reinforced with niobium [18]. The first two systems are interconnecting

networks, while in the third the niobium phase is in the form of oriented

thin disks. Successful toughening has also been observed in a model system

consisting of large aluminum particles in glass [19]. The primary mechanism

responsible for the enhanced toughnesses appears to be bridging by intact

ligaments of the ductile phase behind the advancing crack tip (Fig. 7),

although other effects such as crack deflection and crack trapping by the

ductile phase also contribute. One of the aims of the modeling presented here

is to determine the extent to which bridging effects due to deformation of

ligaments can account for the observed toughness increases.
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The contribution to fracture energy from bridging has been modeled in

various contexts: examples are ligaments due to ledge formation in quasi-

cleavage of steels [20, 21] and fiber reinforcements of various kinds [22, 23, 24].

Recntly, bridging models based on distributions of nonlinear springs have

been considered in some detail [25, 26]. In general, the enhancement of

steady-state (i.e. resistance curve plateau) fracture toughness of a brittle

material due to crack bridging effects may be estimated (27] if a relationship is

established between the distance of separation of the faces of a crack in the

composite and the average stress supported across the crack faces by the

bridging ligaments at that separation. Given this framework, the problem of

estimating the toughness enhancement due to the presence of a bridging

ductile phase (particulate or network) may be reduced to that of determining

the load-separation relation for a "typical" bridging ligament, whence the

fracture energy increase may be written as
MO

A~=-.f f adu - f.
a (15)

where g is the fracture energy of the composite, gm is the matrix fracture

energy, or is the nominal stress supported across a bridging ligament at stretch

u (a falling to zero at u - u), and f is the volume fraction of ductile phase

(assumed to be the same as the area fraction intercepted by the crack). The

final term on the right hand side is introduced (26] to account for the fact that

the area of matrix fractured is reduced by the presence of a significant area

fraction of bridging phase.

This relationship may be written in a form scaled by the properties of

the bridging ligament as
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f a 0 w +(-f). (16)

where #o is the radius of the ligament, ao is the initial yield stress of the

ductile phase and w Is a number defined by

U.

W fd(u)
(17)

The scalar w. may be interpreted as containing information about the

geometric constraint experienced during the deformation of the ligament,

about strain-hardening and about the failure of the ligament. The problem

thus becomes that of determining wo by obtaining the (k'/ o) versus (u/ao)

relation for some representative configuration and computing the area under

the curve (Fig. 8).

The preceding formulation is well-established. However, there is a lack

of detailed modeling of the a-u relation (and hence of the bridging

contribution to toughening). Measurements of composite fracture toughness

may be employed to infer values of w via the inverted relationship

fa a. EJ (18)

where the. energy release rates have been expressed in term of plane strain

fracture toughness and elastic properties for the matrix (Kin, Era, vin) and

composite (K, E, v). Values of w inferred in this way for several systems of
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interest are displayed in Table . The wide variation in w for the various

systems remains to be explained.

Some recent model experiments on lead fibers surrounded by glass (281

provide direct measurements of a-u relations for constrained ligaments, as

distinct from comparison to values of w inferred from toughness

measurements. The insights gained from these tests will be discussed below.

Alternatively, experimental observations of bridging zone length L

have been compared to the predictions of a cohesive zone model with an

assumed shape of the --u relation and used to infer the peak load supported

by the ligament (26] . In one linit of this model, the bridging zone is a

constant stress (Dugdale) zone. The (acohesive/O) level then required to

explain the observed toughnesses are shown in Table 2. These levels are

anomalously high in both the WC/Co and A1203/Al materials. The predicted

failure stretches conjugate to these stress levels are shown in Table 2, and are

seen to be quite smalL

Objectives and Idealized Problem

The work described in the present article is an initial attempt to model

numerically the behavior of a single ductile bridging particle suitably

constrained by a stiffer, elastic matrix, and to determine whether the

contribution to toughness thereby predicted via the bridging model is

The two entries for the TiAI/Nb material represent different orientations of the

reinforcements, which in this case are disks of niobium W corresponding to half the thickness

of the disks)
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sufficient to explain experimental observations. The problems to be

considered concern the response of a single elastic/plastic particle surrounded

by a cylinder of an elastic material with a considerably higher modulus. The

cylinder is fully cracked in the equatorial plane of the particle perpendicular to

the axis of the cylinder (Fig. 9) as needed to model circumstances in which the

matrix crack has left the intact particle in its wake. The numerical study

consists of deforming the ensemble axially (with boundary conditions

appropriate to an array of such particles) and determining the o-u

characteristics. The constraint experienced by the particle is also expected to be

similar to that experienced by a ligament which is part of a fibrous network of

ductile material, since only the region near the crack faces can deform

plastically.

The idealized model considered here-closely corresponds to the model

experiments [28] , a few of the results of which are schematically shown in

Fig. 10. The first set of results (a) involve circumstances in which there was

no debonding of the lead from the glass. The second set of results (b) involve

substantial matrix cracking near the lead-glass interface adjacent to the crack

tip. Significant differences are apparent between the two sets of results. In

particular, the results of type (a) indicate an average w of about 1.6, while

those of type (b) indicate a range of values with an average of about 4.5 and an

extreme of around 6.

Regimes of Ligament Behavior

Fractographic ex.mination of toughened composites and the model

experiments show that several distinct types of behavior may be expected for

the constrained bridging particle. Indeed, analysis of the deformation history
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may be distilled into the circumstances wherein the transitions between

regimes take plac. Under very low loads, the particle should be largely

elastic, with plasticity confined to a region dose to the tip of the crack, which

has a blunted tip in the particle (Fig. l1a). The detailed stress fields will not be

classical elastic/plastic small-scale yielding fields, due tu the material

inhomogenety around the tip, but should have many of the same features.

When the entire particle has yielded, one possibility is that constraint levels

remain high enough to produce a deformation field resembling a perfectly-

plastic plane strain slip-line solution (27] (Fig. llb and Fig. 12). Under these

ircumstances, the stress distribution within the particle would be expected to

be very sensitive to events at the blunt tip and would tend to involve

relatively high levels of hydrostatic stress. The load supported by the particle

would be correspondingly high (note that no effect of strain-hardening has

been included in Fig. 12).

An alternative for the fully yielded particle is that the constraint of the

stiffer surrounding matrix is relieved sufficiently by crack-tip deformation

and/or interfacial debonding or sliding to allow the bridging ligament to

begin to neck (Fig. 10c). The necking process involves lower stress levels

within the particle; moreover, lower nominal stress levels a arise because of

the decreased load-bearing area. Constraint by the surrounding stiff matrix

will have a significant effect on the load history since the rate at which

necking takes place is strongly influenced. This regime must dominate the

later stages of deformation when the ligament fails in a highly ductile

manner.

In what follows the stress-strain behavior cf the ligament material has

been taken to be that of the bulk material, with incompressible, pressure-
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insensitive plastic deformation assumed. The toughening effectiveness of a

ductile phase will In general be enhanced by strain-hardening or an increased

yield stress, unless an associatede'lack of ductility leads to failure at

significantly decreased separation distance. Any increase in aa will lead to a

proportionate decrease in the inferred value of w (Table IM and in the

constraint factors emerging from the analysis of Ref. [261 (Table ll) which

employed properties appropriate to pure bulk materials. For instance,

microstructural studies of the Al phase in the A120 3/Al material [291 suggest

that dispersion strengthening might significantly raise the yield stress of the

ligaments, perhaps by as much zs a factor of three, although no quantitative

hardness data Is available.. (Note, though, that the yield stress used to

compute vo for the model experiments of Ref. (281 was measured from a batch

of identical but unconstrained lead wires.)

It is initially assuned that the interfacial bond is trong enough that no

debonding takes place. However, under circumstances where the particle

remains highly constrained for a significant portion of its history, features

near the crack tip may control stresses throughout the particle. Should this be

the case, small scale events such as debonding of the interface near the tip

affect the load history of the ligament in the early stages of deformation. In

general, debonding will tend to lower constraint leveL and hence lead to

lower peak loads. However, the influence of debonding on the necking

regime Is also very strong, since the dimensions of the necking ligament are

thereby determined. Debonds which are significant fractions of the ligament

radius in extent are observed both in model experiments [281 and in detailed

fractographic examination of the A120 3/Al material [291.
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Interaction between bridging ligaments is likely to be an important

effect when the volume fraction of ductile phase is significant. The cylinder

model employed hem incorporates this interaction to lowest order by having

an outer radius to the matrix jacket which reflects the volume fraction, and

appropriate "unit cell" boundary conditions: straight but unconstrained

boundaries. Again, with a stiff matrix, these effects are small.

Numerical Modeng

The numerical modeling of this problem was implemented using the

finite element package ABAQUS (30], again on a CONVEX C1-XP2. The unit

cell of Mqg. 9 was discretized and analyzed fQr both the adsymmetric geometry

and the corresponding plane strain problem. The computations employed a

finite strain formulation in order to "account for geometry changes, with

elastic behavior assumed for the matrix and J2-flow theory elastic/plastic

behavior for the ductile phase. The upper boundary of the unit cell was

extended gradually in order to generate a-u curves for the ligament.

Separation u is measured as the axial displacement of the matrix point at the

tip of the crack, while a Is computed from the total force exerted on the upper

boundary, normalized by the original ligament area.

Constrained PJ, a

The aim at the outset was to describe the initial L and also the

necking regime as far as possible. However, serious difficulty was

encountered in extending the a-u curves to large u. Indeed, the results never

extend into a regime of clearly decreasing total load on the ligament. This

failure is attributed to the characteristics of the deformation in the crack

tip/interface region (inset in Fig. 9). This is discussed later on in this section.
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To produce results relevant to larger stretches, a blunt tip of finite

initial radius was Included, and the results for different radii compared for

consistency.

The majority of the results were obtained for material parameters

characteristic of the (bulk) properties of A1203 and Al : the matrix Young's

modulus is six times larger than that of the inclusion; the inclusion initial

yield strem is 1/1000 of its Young's modulus and the material strain-hardens

with an exponent of n-0.2 until the flow stress saturates at three im initial

yield.

Typical o-u curves for these material parameters is shown in FIg. 13.

The small-scale yielding regime exists only for nominal stress levels of

(olo) < I, corresponding to openings u which are extremely small The

growth of the plastic zone is rather more rapid than for a similar

homogeneous small-scale yielding problem, due to the shear induced at the

interface. The particle is fully plastic at (a/ao) - 4. The constrained fully

plastic regime appears to produce a peak stress level (o/0) - 6, by which time

a macroscopic softening due to the onset of necking has begun, even though

all of the material in the particle is still slowly strain-hardening. Fig. 13 also

includes results in which no strain-hardening is incorporaled. The constraint

magnification factor is seen to be similar in either case.

However, a typical failure stretch, whether observed experimentally or

predicted on the basis of necking calculations, corresponds to (u/so) on the

order of I when failure occurs by necking to a point. The results displayed

here thus cover only a tiny range of the expected total load-displacement

relation for the ligament.
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The solid cure in Fig. 13 was generated using an initial tip radius r

such that (/40) = 0.05. Even when this rather large initial radius is used, the

computations fail at a small stretch The results suggest that necking becomes

important rather rapidly, although additional results obtained using maller

initial radii (dashed curves In Fig. 13) indicate that the caacteristic, described

above may be sensitive to the choice of initial tip radius.

A comparison to some analogous plane strain rsults is displayed in

RI. 14. WIth the given normalization, the results are seen to be similar, as

are the limiting strtchas achievable by the computation.

In an effort to improve the solution, a number of variants of the

computations were carried out. Differing degree of straln-hardenhi, and

material descriptions were employed to investigate the poesibility of flow

localization. Differing degrees and natures of near-tip mesh refinsmt and

focusing were also investigatid. The numeri.al problems encountered,

however, appear to be independent of the details of material behavior and of

the extent and nature of near-tip/interface discretization. Currently, interest

is focused on the near-tip fields themselves.

Near-Tip Deformation

The breakdown of the numerical solution is exacerbated by the intense

and non-uniform deformation in the tip-interface region. A sample

deformed mesh in that region (for a rather crude mesh) is shown in Fig. 15.

The reason for this deformation may be seen from the fact that that the

large-scale deformation of the ligament material is essentially volume-

conserving. The behavior is exemplified by considering the volume
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contained in that part of the stretched ligament which extends below its

original midplane (Fig. 16). This volume must be accounted for by the "void

space" contained in the blunting crack-tip. If a small amount of necking Ar

has occrred but larp enough that elastic volume changes are not important,

the volume to be accounted for is of order =0 2u. The corresponding volume

of the toroidal "void" is of order xaodr4h. Volume conservation then

- that
Ah .

u A (19)

That is, a small crack-tip "void" is driven in a direction normal to the

crack plane more rapidly than the opening rate of the tip itself. Without

debonding or sliding, the constraint of the stiff surrounding matrix produces

intense shear deformation. When no debonding occurs, this pattern of

deformation leads to a "hollowing out" of the ductile phase near the matrix

crack tip. Such behavior is observed experimentally.

This type of constrained interfacial flow is encountered frequently in

problems involving a composite of a brittle and a ductile material. As a

prototype problem which may shed some light on the difficulties encountered

here, consider plane strain deformation near the intersection of a free surface

with an interface between an elastic material and a rigid/perfectly-plastic

(Mises) material (Fig. 17). The asymptotic solutions are very similar to those

encountered in homogeneous plastic crack and notch problems, as is sk-tched

briefly below.

Searching for solutions with bounded stresses in the yielded plastic

sector P means that asymptotically
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or = a~)(2.0)

and the pywaing equations reduce to
f

o0; =-- 2 , (21)

where a prime denotes a derivative with respect to r.

The yield ondtion In P is

where i Is the yield stress in shear of the plastic material. Diffmrenration of

(22) with substitution from (21) yields

+ 4 +q)0 (23)

Solution and more substitution shows that the two types of solution to

(23) ae
to= (o 2(oe (fa )

or

q + - constant s
o,,--a. ±2 i si n 2 (, -,)C(constant state) (24b)

where So and 9' am arbitrary angles. These are the familiar singular fan and

rigid constant state region, respectively, of slipline plasticity.

The asymptotic stresses in the elastic sector are determined by the

traction stresses on the interface, since the homogeneous solutions are less

singular than rO in a non-reentrant wedge (31].
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The only way to arrange the plastic sectors in a fully yielded plastic

quartz-qecu is in the sequence shown int Fig. 18, where the fanl is possibly of

vanishing extet. Traction continuity is then sufficient to calculate the

stresses in the constant state region adjacent to the interface in terma of the

fan extent tr. In particular, the traction stresses are

my- ; sin 2 , (at interface)
Ol ;(1+2 ,+cos298) 1J (25)

whem a local tenson has been assumed at the free surface.

Increasing load transfer to the near-surface interface thus correlates

with a growing fan. One possibility for the numerical difficulties experlc~d

in this and similar work is speculated to be the growth of the fan region as

loading continues.

For Instance, preliminary finite element results for a sample problem

consisting of two slabs (one elastic, one plastic) bonded together and in

tension perpendicular to the interface (321 suggest that the results may be

improved by extreme mesh refinement in the tangential direction, apparently

due to improved modeling of the fan growth. (Over the range that results can

be extracted, agreement with the asymptotic results above is excellent.) To

what extent this is a general feature of finite element solutions of such

problems is being further investigated.

N.kin Rggi

Since the numerical approach described in the previous section was not

successful in providing results extending into a clearly necking behavior, and

since debonding of ligaments from the matrix appears to significantly affect
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toughening, a different class of problem was next studied. The axial

dforumitO of plastic bars was modeled, with the ends of the bars constrained

from shrinkdng radially (Fig. 19). This is intended to model a ligammt for

which the constraint of the surrounding stiff matrix has ben partially relxed

by debonding of the ligament near the crack tip. Finite element modeling was

employed to discover how the initial bar height affects the subsequent load-

displacement history. The stretch u is now measured as the extension of the

bar.

A set of results (Fig. 20) with material properties appropriate to the

A12O3/Al material for initial 'debonds' ranging fromt (holao).0.1 to (ho/a@).0.5

Indicate that two effects are important. (a) a small debond Ieas to higher

constraint levels than a large one, but (b) the necking procs is strongly

acmeerated by the constraint when the debond is short, so that the load

deeams more rapidly with increasing ligament stretch than for the long bar.

Similar trends can be seen in the plane strain analogs of the above

calculations, corresponding to slab-like reinforcements. The comparison in

Fig. 21 shows that there is slightly more constraint for the plane strain case.

Approximate models of the necking process in constrained ligaments

may be constructed [16, 331 which agree well with the finite elemeut results.

Using thus over the whole range of ligament deformation or extrapolating

the finite element results predicts a value for w of about 3 for the large debond

cae (ho/so)-0.5
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Comparison of the models described above to the experiments of [281

shows qualitative agreement, but cornvincing quantitative predictions are yet

to be obtained. For the initial, constrained stages of deformation, the

numerical results indicate constraint factors in the requisite range. A priority

of future work will be to extend the constrained results into a dearly necking

regime.

For debonded ligaments, the observed correlation between increased

debond length and increased w (281 is predicted by the models, but the largest

measured w values with debonding are not approached, apparently due to the

accelerated necking predicted compared to the experiments.

The toughness enhancement due to bridging is dominated by the

contribution from the necking regime, since the high stresses in the

constrained plasticity regime persist only briefly. However, this conclusion

does not exclude the early stages of deformation as irrelevant, since the initial

stresses and near-tip deformation may control whether debonding occurs.

Clearly the significance of such effects will depend strongly on the material

and interfacial properties. In addition, the evolution of the necking ligament

geometry may depend on the details of the initial deformation even when no

debonding takes place. It is thus important to model the whole range of

ligament deformation accurately. Achievement of the numerical modeling

of the whole range of deformation, including if possible the evolution of

debonding along the matrix-ligament interface, is a priority of ongoing work.

From the materials design viewpoint, perhaps the most interesting

aspect of the results is the suggestion that the ductile phase need not be
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completely bonded to the matrix during deformation to provide toughening.

Limited debonding may well be beneficial in terms of toughness

enhancement.

CLOSURE

The results presented in this paper indicate useful directions for

optimizing the toughness of brittle matrix composite materials. Large scale

numerical simulation of these problems has proved to provide insight and

will be necessary for further progress in this area.
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FIGURE CAPTIONS

FIgure 1. The hydrostatic material behavior of a ceramic containing

particles which undergo a stress induced phase transformation.

Figure 2. The boundary value problem of a semi-infinite crack subject to a

mode I tensile opening load.

Figure 3. The finite element mesh used to examine a growing crack in a

transformation toughened composite.

Figure 4. Transformation zone for the case a-5 and B /G-1.3 when

A-II.4L.

Figure 5. Contour plot of 0/ c and transformation zone for the cam e,5

and IF /G-O when M-8.9L

Figure 6. R-c e for ap=5. The steady-state results of Budlansky et aL (4]

are shown with dashed lines.

Figure 7. Schematic of crack-bridging behavior of ductile particles in a

brittle matrix.

Figure & Non-dlzmensional stress vs. stretch behavior of a typical P!!ament

and assodated area w.

Figure 9. Idealized configuration for analysis of behavior of a single

partide. Inset shows initial blunting of crack tip at particle

equator.
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Figure I0. Sketch of zesults of model experiments of Ref [281.

(a) without debonding between ligament and matrix

(b) with Mbonding

Figure 11. Regimes of ligament behavior.

(a) small-scale yielding (b) constrained plasticity

(W) plastic necking

Figure 12. Plane strain slipilne solution of Ref [271.

(a) slipline geometry for mo/u1150 (b) a- u relation

Figure 13. Initial stage finite element results for different choices of work-

hardening exponent n and of initial root radius r0. (Bonded

interface).

Figure 14. Finite element plane strain vs. axisymmetric comparison for

initial stages. (Bonded interface).

Figure 15. Deformed mesh in tip/interface region.

Figure 16. Geometry for initial deformation near crack tip in ductile phase.

Figure 17. Prototype asymptotic problem near th.e intersection of a free

surface and a brittle/ductile interface.

Figure 18. Asymptotic sector arrangement for prototype problem.

Figure 19. Constrained necking bar geometry designed to simulate the large

deformation of a ligament with debonding.

Figure 20. Constrained necking bar finite element results for various

'debond' lengths ho. Also shown for comparison are
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corresponding uniform deformation (unconstrained ends)

results.

Figure 21. Plans strain vs. axisymmetric comparison for constrained

necking ban for various debond lengths ho.
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TABLE CAMrONS

Table L Matrix, ligament and composite properties and inferred values

of w for some materials of interest.

Table IL Values of cohesive stress in Dugdale model inferred in Ref. [261

from observed bridging zone lengths, and corresponding failure

stretches.
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ABSTRACT

Finite element analysis was used to study the fracture toughening of a

ceramic by a stress induced dilatant transformation of second phase particles.

The finite element method was based on a continuum theory which

modelled the composite as a subcritical material. Transient crack growth was

simulated in the finite element mesh by a nodal release technique. The

crack's remote tensile opening load was adjusted to maintain the near tip

energy release rate at the level necessary for crack advance. The

transformation zone surrounding the crack developed as the crack propagated

through the composite. Resistance curves were computed from the analysis;

the results confirm that during crack advance maximum toughness is

achieved before steady-state is reached. Diagrams of each transformation zone

and R-curve are provided to expedite comparison with experimental data.

Introduction

The fracture toughness of certain ceramics can be greatly enhanced by

the presence of particles which undergo a stress induced martensitic

transformation (Evans and Heuer (1980); Evans and Cannon (1986); Green,

Hannink and Swain (1989) such as takes place in systems containing stabilized

zirconia (ZrO2) particles. Examples include partially stabilized zirconia (SZ)

and zirconia toughened alumina (ZTA). At sufficiently high stress, the

particles of such systems undergo a transformation from the tetraginal to the

monoclinic phase which is accompanied by a volume increase of 4%. Since

the transformation is stress induced, a zone of material containing

transformed particles surrounds the crack tip after it has been stressed. The
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volume expansion of the particles in this zone will cause eigenstresses which

will tend to close the crack and lower the stress intensity factor at the tip. This

shielding mechanism means that a higher applied load than otherwise, and

therefore an apparently higher stress intensity factor, is required to propagate

the crack.

Transformation toughening was first modelled by McMeeking and

Evans (1982) and Budiansky, Hutchinson and Lambropoulos (1983). The

phenomenology of phase transformation was represented by the macroscopic

hydrostatic stress versus dilatation strain behavior shown in fig. 1. At the

critical stress a., phase transformation commences. If the slope B of the

stress-strain curve during transformation is below -4G/3, where G is the shear

modulus, then the transformation continues spontaneously and immediately

to completion (Budiansky et al. (1983)). In fact, points on the stress strain

curve between I & 2 are excluded as unstable and the state jumps on

transformation from 1 to the segment between 4 and 3. This situation has

been termed supercritical. In the model of McMeeking and Evans, the phase

transformation was supercritical and the volume increase due to

transformation was asymptotically small. The transformation zones were

also asymptotically small. By calculating the amount of crack tip shielding,

they obtained estimates of the effective composite R-curve, the toughness

value which rises as the crack grows. Eventually, a maximal steady state

toughness value develops after an amount of crack growth which is about 3

transformation zone widths.

Budiansky et al. (1983) considered supercritical and also subcritical

mateials in steady-state crack advance only. In the subcritical case, with B- >
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-4G/3, the phase change occurs gradually and the material can remain stably

in a state in which the particles are only partially transformed. As a result,

points in fig. 1 between 1 & 2 are stable and the material moves gradually

from 1 to 2 as strain increases. If the strain decreases (unloading) while the

material is between 1 and 2, the state follows the line with slope B through

the current location as shown in fig. 1. In addition, Budiansky et al. also

accounted accurately for the perturbation of the transformation zone size and

shape due to the stresses induced by the transformation itself. Using finite

element analysis, they calculated steady state fracture toughnesses including

cases where the volume increase from the transformation was quite large.

Rose (1986) and Amazigo and Budiansky (1988) have provided additional

analyses of steady state toughening for dilatant transformations.

Stump and Budiansky (1989) have recently provided a more accurate

estimate of the R-curve for a crack advancing in supercritically transforming

material. The problems were solved numerically by means of an integral

equation. The transformation zones evolved as the crack advanced and the

remote load was adjusted to maintain the stress intensity factor at the critical

constant value at the crack tip. Their solutions show that the maximum

fracture toughness occurs after a finite amount of crack advance, and that this

maximum can be significantly higher than the steady-state fracture toughness

which develops later. The peak fracture toughness is associated with a

transiently wider transformation zone. The result indicates that the amount

of effective toughening is underestimated by the later steady state value since

the system must be forced to grow through the peak toughness state. The

steady state estimate generally underpredicts experimental data (Evans and

Cannon (1986)) so the new predictions tend to bring the theory into better
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agreement. Furthermore, R-curves with peaks in the toughness have been

reported by Swain (1983) and Swain and Hannink (1984).

The purpose of the calculations performed for this paper is to consider

the transient behavior of a crack advancing in a material which transforms

subcritically. Experimental evidence indicates that the transformation zones

surrounding a crack tip tend to be diffuse or partially transformed, indicating

a subcritical transformation. Finite element analysis is used to solve the

problem of a semi-infinite crack growing in a transforming material under

Mode I loading and plane strain conditions. Crack growth in the finite

element mesh is modelled using a nodal release technique; the

transformation zone develops as the crack 'advances. Resistance curves are

computed for different pi:u-ely dilatant transformation strains and the results

are compared with the steady-state analysis of Budiansky et al. (1983). A near

critical case almost equivalent to the supercritical analysis done by Stump and

Budiansky (1989) was also analyzed for comparison. Extensive

documentation of each solution is provided so that compar!sons with

experimental data can be made more easily.

Constitutive Relations

In this section we describe the constitutive relations used to model

transformation toughened composites. Developed by Budiansky et al. (1983),

the model assumes that the transformation zone contains many particles and

tl. - a continuum description of the composite can be formulated. The

composite material is isotropic and consists of a linear elastic isotropic matrix

containing linear elastic isotropic particles which undergo an irreversible

dilatant transformation.



Since the transformation is purely dilatant, the macroscopic shear

response is entirely linear elastic with modulus G, which will depend on the

composite properties of the material. Thus the deviatoric stress-strain

relationship for the composite is

o', = 2G ' (1)

where o' is the deviatoric part of the macroscopic stress and e is the

deviatoric part of the macroscopic strain.

The dilatant behavior of the composite is depicted in Fig. 1, and can be

represented by

elk -+ 0 (2 )

where ekk denotes the total dilatation; a'. is the hydrostatic part of the stress

equal to akk/3; B is the bulk modulus for the material; and G is the current

dilatation due to particle transformation in a macroscopic element of the

composite material. (Einstein summation is used on repeated indices

throughout.)

When the strain * = a I B is exceeded, locally particles change

phase to some extent. When all of the particles have transformed locally, the

macroscopic dilatation 0 is equal to ff . In a material in which the elastic

moduli of the particles are identical with those of the matrix dr = c r where

c is the volume fraction of particles and C is the free dilatation of an

individual particle (4% in the case of zirconia) (Budiansky et al. (1983)).

However, McMeeking (1986) has shown that in binary elastic composites,
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o= Fcl. Where F is a factor which depends on the ratios of elastic

moduli.

When the material is partially transformed in subcritical materials, the

incremental dilatation during loading (kk > 0) and due to transformation is

(Budiansky et al. (1983))

I =(i- lB ) (3)

when ac IB+O (1-B IB) - ekk : o, /B+dr (1-B- B).

Since the phase transformation is assumed irreversible, 0 remains
constant during unloading (Ekk < 0) in all cases. In the critical and

supercritical case, eq. (3) is replaced by

dO / d e=0if6 (em-I e . / B) (4)

where 8. is a Dirac delta function.

Boundary Value Problem

The problem of a very long crack growing in plane strain with a very

small zone of phase transforming particles (see fig. 2) was solved using the

finite element method. Displacement boundary conditions corresponding to

a Mode I linear elastic plane strain field were applied around the outer

perimeter of the domain. The magnitude of the applied load is characterized

by K AP,, the Mode I elastic stress intensity factor. As shown in fig. 2, material

near the tip transforms due to the stress intensification generated by the crack.

A zone of material which has completely transformed (0 = d') surrounds

the crack tip. This core region is incrementally linear elastic with a

permanent residual strain. Consequently, the stress field at the crack tip has a
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r-lI2 singularity and is characterized by a stress intensity factor KM In the

subcritical case, the region of purely transformed material is surrounded by a

zone of material which is partially transformed (a < ?). In the critical and

supercritical cases, partially transformed material does not exist and 0 jumps

from zero to 0r across the zone perimeter.

For a stationary crack with monotonically increasing K AP' no

unloading occurs and the J-integral of Rice (1968) is path independent

(Budiansky et al. (1983)). As a result, Kv = K A" and thus, prior to any crack

growth, there is no shielding (McMeeking and Evans (1982), Budiansky et al.

(1983)). The crack will commence growing when K7 = K' , the fracture

toughness of the composite in the crack tip state, i.e. with pretransformed

particles. Equivalently, crack-growth commences when K"' = Kc.

As the crack propagates and a wake of transformed material develops,

K ' decreases compared to K"' due to shielding. To maintain crack growth,

K'" must be continually adjusted so that Ke equals Kc. K"'AP is the

effective fracture toughness of the composite material and the R-curve is its

graph versus the amount of crack growth Aa.

Finally, all length scales in the moving crack tip problem were

normalized by L, where L is defined by

L = 2 f K<c( + v ) .2
L [ L . (5)

Physically, L is the distance on the XI-axis from the tip ahead to the boundary

of the nominal transformation zone for the stationary crack with K"" = KC.
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The solutions depend on the strength of the transformation which is

characterized by the nondimensional parameter w, where

E _ l + v "

o . L1- vI (6)

Finite Element Solutions

The finite element method used to solve these problems has been

described by Hom, Mataga and McMeeking (1989). The method was

incremental with the load, K4" , adjusted in steps as necessary to tend to

maintain KT" equal to Kc . After each adjustment of the load, a successive

approximation iteration was carried out until satisfactory convergence of the

solution was achieved. When KTw equaled Kc , the crack tip node was

released incrementally to advance the crack, with iterations carried out as

necessary. Thereafter, K AP was again adjusted in steps to return KT" to K c

and so on. The virtual crack extension method of Parks (1974, 1978) was used

to calculate Knp when necessary. The finite element mesh in fig. 3 was used

for the calculations. The crack was grown from the point marked

"STATIONARY CRACK TIP" in that figure to near the point marked

"MOVING CRACK TIP".

Attempts were made to compute results for the precisely critical case

(B3 =- 4 G / 3 ). However, it was found that the iterative procedure failed

to converge. Without any change to the load or geometry, the transformation

zone simply expanded with each iteration. Thus, no stable transformation

zone size was ever established even for stationary cracks. No way was found

by us to avoid this in the algorithm directly. Instead, subcritical materials

were analyzed. Satisfactory convergence to a rather strict criterion was then



achieved. Few iterations were required when 11 equaled zero but

considerably more were necessary when IT was smaller.

The subcritical results we obtained involved partially transformed

material within the zone. However, as 9 approached - 4 G / 3 , the

regions of partially transformed material formed a narrow band around the

outer perimeter of the zone. For a sufficiently small value of d and with

appropriate choices of other parameters, this band was made narrower than

the distance between 2 neighboring integration stations in the finite element

mesh. Thus, at one integration station the material is untransformed and at

the neighboring integration station across the partially transformed band, the

material is completely transformed. This situation is as good as can be

achieved anyway for the exactly critical material given the discreteness of the

mesh. The near critical case so calculated is numerically equivalent to the

exactly critical case for the given mesh. This equivalence was actually

achieved for 0.) = 5 with 9 = - 1.3 G in the mesh shown in fig. 3. This

solution was slow to converge (-50 interations per step compared to 5 for

B = 0 ) and the amount of computer time precluded us from carrying out

other near critical solutions.

The parameters of the problems were chosen so that at least 10

elements spanned the trarsformation zone in the X2 direction. To check if

the mesh layout was fine enough, a, was made smaller to enlarge the zone,

making L larger, equivalent to refining the mesh. The combination EOT was

reduced also to keep CO fixed. The results of calculations then carried out

were identical to those pe'formed in the effectively coarser mesh, confirming

that the mesh and calculation strategy were satisfactory.
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Results foraGrng .Cr

The problem of a crack in untransformed material growing and

creating a transformation zone was solved for various material parameters.

These characteristic parameters are the transformation strength a), Poisson's

ratio v, (taken to be 0.3 throughout) and 9 /G. Three sets of finite element

computations were done with o=5, 10 and 15. In each set of calculations,

cases were run for ff /G-0, -0.5, and -1.0. The calculation with w-5 and

9 /G=-1.3 was also done for comparison with the calculations of Stump and

Budianskv (1989). In all cuts the crack was propagated a distance of at least

8L.

Transformation Zones

The transformation zone for the near critical case (9 /G=-1.3) with 0)=5

and Aa = 114L is shown in fig. 4. In this case, the layer of partially

transformed material is very thin and has not been shown in the figure. It is

thinner than the distance between neighboring integration stations in the

finite element mesh - about 10% of the peak zone height above the crack, h

shown in fig. 4. Apart from this thin layer, the material inside the zone has

transformed completely. It is clear from the zone shape, that as the crack

grew, the zone first widened sharply and then gradually. After reaching a

maximum width, the zone narrowed sharply with growth and then appears

to settle into a steady state.

In this case, the maximum zone height is hm = 1.06L and occurs after

the ,"xack has grown a distance 3.7L. The finite element results show that the

zone reaches a steady-state height of 0.88L. The transient behavior of a crack
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growing in a supercritical material has also been considered by Stump and

Budiansky (1989). For w-5, their results show that the maximum zone height

is 1.03L and occurs when Ma=2.4L. Their computation also predicts a steady

state zone height of 0.89L. Overall, the zones have very similar shapes. It

should be noted that between M =2.4L and 3.7L, the zone height is almost

steady, and the discrepancy in the position of the zone width peak should be

considered in that context.

The development of the transformation zone for the case G I C = 0

and W) = 10 as the crack tip moves to the right is shown in fig. S. The zone is

shown for different crack lengths, where ,ia is the amount of growth which

has taken place. The zones are depicted as contour plots of the transformation

dilatation 0. As expected the crack tip is surrounded by a region of fully

transformed material which in turn is surrounded by a region of partially

transformed material. As the crack grows, the zone expands in height. The

height of the zone h reaches a maximum at 1.02L after the crack has

propagated a distance 1.7L. Thereafter, the zone narrows and when the crack

reaches a steady state at around M =8L, the zone height in the steady state

region is smaller at 0.88L. The steady-state zone height predicted by

Budiansky et al. (1983) for subcritical material with G / C = 0 and 4) = 10

is h =0.84L.

Fig. 6(a) shows the transformation zone when B I G = 0 and a) = 5

after the crack has propagated a distance of 8.6L. The fully transformed region

in this case is larger than the fully transformed region for 0) = 10 case.

However, the whole transformation region observed for 0) = 5 is smaller

than for 0) = 10 , and the peak height is not as large. In this case h reaches a



13

maximum of 0.87L after the crack has propagated a distance 14L. The steady

state zone height predicted by the finite element calculations is 0.81L. The

computations of Budiansky et al. (1983) predicted the steady-state zone height

as 0.89L. The transformation zone after the crack has propagated a distance

8.6L for o)=5 with "j/G=-0.5 and -1.0 are shown in figs. 6(b) and 6(c)

respectively. It can be seen dearly that for the smaller values of Ii there is a

larger fully transformed zone compared to the total zone size. The next figure

in this series for w = 5 is that in fig. 4 for 3/ G = -1.3 discussed already where

there is no partially transformed zone.

Digs. 7(a) and (b) are plots of the transformation zone afts the crack has

propagated a distance 8.6L for W =10 when WIG=-O.5 and -1.0

respectively. Comparison of figs. 7 with 6 show that a larger relative

dilatation o. produces a larger final zone size .-ven though they start growing

from nearly the same initial zone size. Finally, figs. 8(ab&c) show the

transformation zones after the crack has propagated a distance 12.9L for the

cases when ca = 15.

Table I shows the peak and steady state zone heights and M when the

peak occurs for each case calculated. The finite element results show that for a

given L, the peak height and the steady-state zone height are larger for

stronger transformation strengths 0). Also, the crack must propagate further

to reach both the maximum zone height and the steady state zone height for

larger 0). Similarly, the closer 9 is to the critical value of - 4 G / 3 , the

larger is the peak zone height and the steady height. The latter comment

applies except for the near critical case 9 / G =-1.3 where the trend seems to

reverse. But when the material is near critical, the distance the crack must



propagate to achieve both the maximum zone height and the steady-state is

greater. Included in Table I for completeness are results taken from Stump

and Budiansky (1989) for the supercritical material.

Resistance Curves

As mentioned earlier, the remote applied stress intensity factor was

varied during crack advance to maintain KT = K at the crack tip. The R-

curves (K "verses da) for the case when o)=5 are shown in fig. 9. As

expected, in each case the transformation zone shields the crack tip and

toughening is observed. The R-curves rise to a peak level associated with the

widest part of the zone. Thereafter, the R-curve falls as the zone narrows.

The curves then tend to settle down to a steady state. The relative amount of

toughening is higher for the lower values of " because there is relatively

more fully transformed material in the wake zone. In addition, the peak

toughening relative to the later steady state value is more pronounced when

B is more negative.

After the crack has propagated a sufficient distance, the R-curve

approaches an asymptotic value. This steady-state value of KAPP corresponds

to the steady state region in the transformation zone. For comparison, the

dashed lines in fig. 9 denote the toughnesses predicted by the steady-state

finite element analyses of Budiansky et al. (1983). The steady state toughness

for the near critical material 9 / G =-1.3 predicted by our finite element

calculation agrees well with the steady-state analysis for critical and

supercritical materials which is exact. Furthermore, the peak toughness
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agrees well with the result of Stump and Budiansky (1989). These results give

us confidence in our numerical solutions. For the near critical case

(9 1 G =-1.3) with w=5, our finite element analysis predicts a maximum

and steady-state KA APof 1.3 0Kc and 1.2 7 Kc respectively. The peak in KAP

occurs when the crack has grown a distance 5.6L. For the supercritical

material, Stump and Budiansky (1989) predict a toughness value of 1.29Kc

for the peak and the steady state value Is 1.26K c (Budiansky et al. (1983)).

Therefore, the zone contributions to toughness agree to within a few percent.

Maximum K A in the results of Stump and Budiansky (1989) occurred when

,=5.5L.

The subcritical steady-state values of KAP? predicted by our transient

finite element analysis are higher than the steady state values of (Budiansky

et al. (1983)). For example when if = 0 , the steady-state toughness predicted

by the finite element analysis is 1.19 Kc while the analysis of Budiansky et al

(1983). predicts 1.17K c . This means that our prediction of the zorne

contribution is about 10% higher. The difference is unresolved.

For the subcritical material, the difference in the peak and steady state

toughnesses are much smaller than the supercritical case. For ff = 0 the

finite element analysis shows that both the peak and steady-state K APP are
CAPindistinguishable at 1.19K . Even for if / G =-1.0, the peak KA" is only

1.27 K compared to a steady-state value of 1.26 Kc .

Fig. 10 shows the R-curves for the case when 0) = 10. Because the

strength of the transformation is greater, the toughnesses computed in these

cases are higher than those for d0 = 5. Also, the perk value for K "P is more

pronounced compared to the steady-state value oi K AP. For if / G =-1.0,
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the computation was only done until 6a =8.6L and a steady state was not

developed. However, a peak value of K A" of 1.65 Kc was calculated. The

dashed lines in fig. 10 indicate the results of Budiansky et al. (1983). As in the

case of 0o = 5, the steady state toughness predicted by our finite elernent

analyses for a 10 are higher than those of the previous steady state

analysis. The R-curves for 0o = 15 are shown in fig. 11. The higher

toughnesses reflect the greater strength of the transformation. Again, the

steady state toughnesses were higher than those predic ;-d by Budiansky et al.

(1983).

In addition to zone shape information, Table I shows the peak and

steady state toughnesses and a to reach peak toughniess predicted by our

finite element analysis for all cases examined in this study. The numerical

computations show that larger peak and steady toug.nesses are achieved

when o is greater and 9 is closer to critical, i.e. a stronger transformation

with more material fully transforming. Also, with increasing. X and 9

closer to critical, the crack must grow a greater disi.nce in terms of L to reach

both the peak toughnss and the steady-state.

Discussion

The finite element results presented in this paper indicate agreement

between our near critical soiutizin and the accepted steady state toughening

estimate of previous work (McMeeking and Evans (1982), Budiansky et al.

(1983), Stump and Budiansky (1989)). in addition, the peak toughness

predicted here for the near critical case by finite elements agrees with the

value obtained by Stump and Budiansky (1989) by another method. This

gives us confidence in our numerical results. It is worth noting that we have
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achieved agreement with other results in the case in which we found

convergence most difficult to obtain, i.e. the near critical situation.

In contrast, it is found that our predictions for steady state behavior of

subcritical materials disagree with the established results of Budiansky et al.

(1983). We have checked to see if lack of mesh refinement is the source of our

problem, but that is not so. The discrepancy remains unresolved.

Our calculations confirm the novel R-curve behavior found by Stunp

and Budiansky (1989) in their calculations, namely that there is a peak in

toughness prior to steady state. Since the peak of Lhe R-curve will determine

the potential toughness of the material, these new higher theoretical va'"

are significant. The actual toughness measured in an experiment will c;,en,.

on the compliance of the system (McMeeking and Evans (1982)) and this must

be taken into account. However, it is interesting that theory has so far

underpredicted experiments on transformation toughening (Evans and

Cannon (1986)) and so the new results offer the pros"ct of the theory being

brought into better agreement with the data.

It has also been observed that the originA very approximate prediction

of an R-curve by McMeeking and 'Evans (1982) has proved to be too stiff

compared to the data (Heuer (1987)). It is likely that the R-curves now

predicted by Stump and Budiansky (1989) and us will tend to rectify this

situation. Compared to the original R-curve predicted by McMeeking and

Evans (1982), those calculated in this case for o) = 5 as well as that of Stump

and Budiansky (1989) are more compliant. For higher values of o), the new

calculated R-curves are even more compliant so that the difference from the

old curve of McMeeking and Evans (1982) will be greater.
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A note of caution Is called for, however. The ratio of A for peak

K,17 / Kc divided by peak h is typically in the range 3 to 5 (see Table I).

Thus, the amount of crack growth to reach peak toughness is only about 3 to 5

times the observed fully developed zone height. This range is not very

different from the original prediction (McMeeking and Evans (1982)) that the

R-curve would peak at about 3 zone heights.

It should be noted also that all the results obtained s0 far are for

transformation zones which are very small compared to specimen

dimensions. No allowance has been made for large scale transformation.
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FIGURE CAPTIONS

Figure 1. The hydrostatic material behavior of a ceramic containing

particles which undergo a stress induced phase transformation.

Figure 2. The boundary value problem of a semi-infinite crack subject to a

mode I tensile opening load.

Figure 3. The finite element mesh used to examine a growing crack in a

transformation toughened composite.

Figure 4. Transformation zone for the case o-5 and 1T/G=-1.3 when

A4=11.4L.

Figure 5. Development of the transformation zone for the case o = 10

and B / G = 0 as the crack grows; a is the amount of crack

growth. Contour levels are for 0 / OT.

Figure 6. Transformation zone contour plots of 0/ 0 for the case of

o=5 when MA =8.6L (a)WIG=O (b)'!IG=-0.5

(c) /G =-1.0

Figure 7. Transformation zone contour plots of 0 / Or for the case of

o =10 when Aa =8.6L. (a) "/G=-O.5 (b) GIG=-LO

Figure 8. Transformation zone contour plots of 0 / 6T for the case of

o= 15 when da =12.9L. (a)-IG=OC)YIG=-O.5

(c) BIG = -1.0
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Figure 9. Resistance curves for the cases of m = 5 . The steady-state results

of Iudiansky et al. (51 are shown with dashed lines.

Figure 10. Resistance curves for the cases of a = 10. The steady-state

results of Budiansky et al. [5] are shown with dashed lines.

Figure 11. Resistance curves for the cases when o) = 15 . The steady-state

results of Budiansky et al. [51 are shown with dashed lines.
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ABSTRACT

Transient crack growth resistance is studied in ceramics reinforced with both dilatant

transforming particles and very ductile crack-bridging particles. The overal! material toughness of

a growing precut crack is found by modeling the evolution of the surrounding rasformed region

and the formation of a bridging particle strip behind the advancing crack tip. The maximum

toughness occurs for finite amounts of crack growth and exceeds the corresponding steady-state

level.

INTRODUCTION

Brittle c',amics have been toughened by a number of methods including reinforcement with

partially-stabilized zirconia (PSZ) particles or dispersions of ductile metal particles (1,2]. Small

PSZ particles which undergo a phase transformation near an advancing crack tip are responsible

for transformation toughening. Ductile particles that bridge the faces of a growing crack cause

particulate toughening.

A recent heoxeticl study [3] of steady-state crack growth in the combined material reinforced

with both PSZ and very ductile particles has revealed that the component mechanisms can interact

synergistically. This study contemplates the theoretical toughening during the growth of a semi-

infinite precut (i.e. initially unbridged) combined-material crack. The analysis is motivated by a

study (4] of crack growth resistance in PSZ materials, where it was discovered that for finite

amounts of growth, the transient toughening ratio X'r = K/Kn (K is the "applied" stress intensity



factor;, Km is the critical crack-tip stress-intensity factor for fracture) reached a maximum XT

exceeding the corresponding steady-state value X' (5]. We begin with a review of results for

particulate and PSZ reforceCment.

PARTICULATE REINFORCEMENT

The semi-infinite precut crack is shown from above and the side in Figwc Ia. The crack

front is interrupted by a random dispersion of small ductile particles. The particles behind the front

have been severed across the crack plane. As crack growth occurs, see Figure Ib, the crack front

advances through the matrix leaving behind bridging particles that exert restraining forces as the

crack-faces are drawn apart. We analyze crack growth by averaging the effects of the particles

through the thickness of the body, and adopt a 2-dimensional model of a crack-tip bridged by a

strip of deforming particles. This study uses a simplified "Dugdale-like" particle model that

considers the bridging zone to be a uniform strip of particles obeying the crack-face deformation

rule of Figure 2. The critical crack-opening displacement (COD) at the end of the strip is 2v.

The enhanced toughness is expressed in terms of the modified toughness ratio

AI- K

where K is the "applied" stress intensity factor, Km is the critical crack-tip stress intensity factor for

fracture in the matrix, and c is the concentration of ducti1le particles. The square-root term

accounts for the decrease in crack front due to the presence of the particles. The toughness ratio
i5

for plane-strain steady-state crack growth, A", is given by the J-Integral result [6]
s=[ 1 2v, cSE 211/2

P (IC)(1v2)KzJ (2)

where E and v are Young's modulus and Poisson's ratio of the matrix. The steady-state bridging

length /, see Figure 1b, is given

ASS + cS 81p
P= Km-4X(1 -c) (3)

2



During steady-state growth I, remains constant with rupture of the particles at the end of the strip

occtnring simultaneously with crack growth.

The dependence of the transient toughening ratio AP on the growth of the precut crack is

found by replacing /, in (3) with the tip advance Aa for an initial stage of growth when all the

bridging particles remain intact. When Aa reaches the value 1P. steady-state growth commences

with A remaining fixed at A'. Recent in-situ measurements of vr and plausible estimates of S

in the Al2 0 3/Al system [7] reveal that (2) provides a reasonable approximation. Experimental

confirmation of (3) is stil lacking, but might be attributed to the fact that so far measurements of 4P
have been made on the surface of specimens (7]. Nevertheless, we accept the validity of both

relations for the subsequent combined material analysis.

PSZ REINFORCEMENT

Transformation toughening has been analyzed with the "supercrical" transformation model

introduced in (8]. The transformed material is assumed to undergo a uniform stress-free
T T

transformation-dilatation of strength c,0 p T where c, is the PSZ volume fraction and 0 is the

unconstrained dilatation (typically 0.04). The transformation occurs supercritically (i.e.

completely) when the mean stress am = a/3 reaches the critical value ar. An impc, tant

transformation strength parameter (8-10] is

Ec e T

m U40

A plane-strain charateristic length is given by

2L = )= (5)

STEADY-STATE CRACK GROWTH

Steady-state crack growth, wherein the faces of the growing crack are bordered by small-

scale transformed wakes of height HT is shown in Figure 3. Calculation of the steady-state

3



toughness ratio XsT and the nondimensionl wake height HT/L was accomplished by requiring the

"applied" K and the transformation itself to keep om at cc along the leading edge of the

transformed boundary, while maintaining the crack-tip stress-intensity factor Kdp at the critical

value Km. Results for SS are given by the outer curve of Figure 4, a plot of ( XT ) " versus the

parameter w [5,61. "Lock-up" of the steady-state crack occurs for ca = co€ - 29.99 (91.
For weak transformations (i.e. co - 0), the fractional increase in toughness At5K"/KM

where AK" = K - Km , is related to the zone height HT by the approximate formula (8)

AK" E cO, [ HT (6

Th: relation (6) along with the finite-strength transformtion results of (5] are plotted in Figure. 5.

When compared with experimental data, the steady-state results of Figure 5 are typically low by a

factor of two (2]. Indications are that the shear stress also plays a role iii triggering the

transformation, which may account for this discrepancy (3].

R-CURVES

The dependence of the wansient toughness ratio Xr on the growth of an initially stationary

semi-infinite crack was considered in (4]. Crack growth initiation occurs when Kdp - K = Km[7].

At this instant; the tip is surrounded by a transformed region along the exterior of which the mean

stress equals o. As crack growth occurs, the transformed region continues to surround the tip

as the leading edge of the boundary advances, transforming "fresh" material and depositing "old"

material in wake regions. The instantaneous toughness ratio XT was found by enforcing the ac

criterion along the advancing portion of the boundary, while maintaining Idp at Km. R-curves,

plots of X1r versus the nondimensional crack extension Aa/L such as Figure 6, were generated for

various values of the parameter co. The corresponding value of X' is given by the dotted line.

The nondimensional zone height HIL and the toughness ratio XT reached the maximum
vausmix m;x bu

valuesHT /Land XT  for finite (but not the same!) amounts of crack growth. The dependence

of ( max )I on ca is given by the inner curve of Figure 4. "Lock-up" of transient cracks occurs for

4



t 20.2 (4].

COMBINED PSZ AND DUCTILE-PARTICLE REINFORCEMENT

We now study semi-infinite crack growth in the combined material by using the supercritical

transformation model together with the very-ductile bridging-particle model. The component

transformation toughening ratios " and X , and the modified particulate toughness ratio A

ar' considered to be prescribed material parameters. We begin with a review of steady-state crack

growth before studying the transient toughening of a growing precut crack.

STEADY-STATE CRACK GROWTH

Steady-state crack growth in the combined material is shown in Figure 7. The effects of the
"applied" K, the bridging segment, and the transfonnation keep am at a' along the exterior of the

leading edge of the transformed region, while maintaining K,;p at the critical value K,-/l and

keeping the COD at the end of the strip 14 fixed at 2vr. The "natural" coupling parameter
cS(1 +v)

p- (7)

emerged from the analysis (3]. The steady-state modified toughness ratio Ass, given by the form
$$ A s

of (1), was found for various prescribed values of the toughness ratios XTI , and the

parameter p. In the limits p - (0,.-), the formulas

TA ]P1 p-40
A L") (t , -I] -+

were found to apply. An alternative coupling parameter was given by
HT(l - c)- ; (10)

where HT and p are the transformed wake height and bridge length of the uncoupled systems.

Large values of '1 correspond to large values of p so that the formulas (8) and (9) continue to apply

5



for the limits il = (0,). Values as small as Tl - .1 gave toughness ratios almost as high as those

of (8).

TRANS u=Hr CRACKS

The stationary precut crack at the, instant -)f crackgrowth initiation is shown in Figure 8.

The crack front is blocked by nondeformed particles while surrounded by a transformed regior..

Since particles ahead of the dp offer no resistance, crack growth initiation depends only on the

applied K and the transformation, whose combined effects maintain am at (cr along the exterior

of the t nsformed region while holding Kip at the critical value KmV%,. As discussed in (9],

the transformed region does not affect the near-tip stress intensity factor of a stationary crack, so

that crack growth initiation Lccurs when Kup n, K -Km lVi' - c. The shapes of the surrounding

boundaries are found by rescaling the results of [4] with the modified length L(l-c), as has been

done in Figure 9 for various values of the ransformation-strength parameter o) ( X3, or X' vi

Figure 4).

The upper half of a crack that has grown by the amount Aa is shown in Figure 10. The

growth process is divided into two distinct phases. During the initial stage of growth, all the

bridging particles left behind by the advancing tip remain intact so that the length of the strip I is

given by At -out this 7,hase, the incremertal change in length of the strip I equals the

incremental ct , *.. Ai. When Aa reaches the special value lc, the critical COD 2 vr is

achieved at tht: che strip and particle rupture commences. Throughout the remainder of

growth I varies continuously as the COD condition is enforced. However, in order to prevent the

rehealing of ruptumd particles, the restriction 1 <5 Ai applies.

The boundary of the transformed region surrounding the growing crack is modeled by three

pieces; the active, passive and residual, see Figure 10. The active piece, MN, is the leading edge

of the transformed boundary along which material has just transformed according to the

a" criterion. The residual piece, OP, is that portdon of the boundary surrounding the stationary

crack that is left behind with the first increment of crack growth. The passive segment is a growth

6



dependent piece connecting 0, the end of the residual segment, with N, the en'd of the current

active piece. For a crack that advancts by a series of small finite increments 8a, the pasive

segment is sequentially extended with a series of straight-line segments while always providing a

smooth connection to the current active piece. Thus as the crac;r advances, a straight-line

approximation to die actual passive scgment is constructed. Points on the cuirent active segment

are given in terms of translating crack-tip coordinates by dhe complex variable z = x+iy where

z(8) = R(0)[cos(0) + isin (0)) 0 < 101 < (1 1)

The unknown angle ax marks the end of the current active segment.

Calculations of the overall transient toughness ratio A along with the nondinx-nsional active

boundary radius R(O)/L(I-c) and bridge length I/L(l-c) for each of a series of growth increments

Sa is detailed in Appendix A for prescribed values of co, A', and p. Typical R-curves, plots of A

versus the nondimnsional crack advnce AaL(.-c) are shown in Figur 11 for the values 0 . 10
max I

(XT = 1.8), AP - 2, and a variety of p. The reason for the peak in the toughness ratio is

explained below. The dependence of some corresponding normalized bridge lengths l/LI.-c) on

Aa/L(I-c) are shown in Figure 12. The critical values lo/L(1-c) occur when the curves depart from

the line l/L(l.c) -Aa/L(1-c).

Throughout crack growth, the "applied" K must overcome the combined resistances of the

transformation and bridging particle mechanisms. As was previously discussed, the

transformation contribution reaches a peak value for finite amounts of crack advance depending on

the transformation-strength parameter (a. The particulate contribution increases steadily during

initial growth as the bridging strip continually extends and then levels off near its "full" value as the

length of the strip does not vary much once rupture commences, see Figure 12. The particulate

toughness ratio due to the inherent tip resistance plus that provided by a strip of instantaneous

length I is found by introducing (4), (5) and (7) into (3) to give

4p I
Ap I+ t L(1-c) (12)
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The interaction of the bridging strip and the transformed wake regions during crack growth

determincs the peak in the transient toughness ratios of Figure 11. If the particulate component,

given by (12), comes close to its "full" value A,' prior to the peak in the transformation effect, the

mechanisms reinforce each other to provide a maximum transient-toughness ratio Am'" that can

substantially exceed the corresponding steady-state value A" . On the other hand, if the

particulate component approaches its "full" value well after the transformation peak has occurred,

appreciable interaction takes place only when each mechanism has come close to its steady-state

level so that Amx just slightly exceeds As' . We now consider transient toughening behavior for

the limiting values p = (0,..).

For "weak" particles (i.e. p - 0), the particulate contribution only becomes important after

the crack has grown much further than the peak in the transformation contribution. Thus, for pz0,

the transient toughness ratio is detennined by just the applied K and the transformation, so that the

rescaled growing crack results of (4] apply. Only in the limit of steady-state crack growth do the

particulate and transformation component interact to provide the overall toughness ratio As'. For

"extremely strong" particles (i.e. p -+ -), the particulate effect reaches its "full" value just after the

onset of growth and prior to the peak tranformation contribution. In the limit p - -, the particulate

contribution reaches its maximum value at the instant of crack growth initiation and acts to

reinforce the transformation effects throughout growth. The special analysis for crack growth

initiation and transient cracks in the limit p -+ -, N/il L(1- c) -+ 0 is detailed in Appendix B.

Finally, we present Figures 13-15, plots of the maximum overall toughness Amu versus the

maximum transformation compntent XmT for various values of p and As . 2, 3, and 4. In the

limits p - (0,-), the maximum overall toughness Am ax is given by the approximate and exact

formulas

max mX ssA XT A; p (13)

ax = [(xT)2 + (A )2 - 1]/ p -40 (14)

Some corresponding values of the alternative paramter 11 have been included in Figures 13 - 15.
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Small values of 11 are sufficient to provide a substantial transient synergism. It is noteworthy that

slight changes in qI can grety influence the rnaximum toughness ratio.

DISCUSSION

The transient toughness ratios of ceramics reinforced with PSZ and ductile crack-bridging

pirkdlts reach maximum values for finite amounts of crack growth. However, for the maximum

toughness ratio to substantilly exceed the corresponding steady-state value, the component

toughening phenomena must occur on approximately the same size scale. Based on realistic

estimates of the transformation-strength parameter c < 15, we conclude that for synergistic

interactions transient cracks can experience a maximum toughness of up to 30% above the steady-

state value.
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APPENDIX A

TRANSIENT CRACKS

The equations governing the growing crack are formulated by enforcing the cc criterion

along with Kip= Km V-/i-c and when necessary the critical COD condition 2v(. Small-scale

plane-strain conditions are assumed throughout the analysis. The effects of the applied K, the

transformation, and the bridging zone are given respectively by the complex potentials
Kz

EceT)= 6" v) J log (-vfz" + .V/' )do (A2)

cV icS . .. _ __i x/ '
op (Z) c S 1 + -T -(z + 1)Iog, vz-iiv' (A3)

where all coordinates are measured from the current crack-tip and the branch cuts lie along the

crack. The integral of (A2) is carried out in the counter-clockwise direction over the points ze on

the boundary of the transformed region.

The mean stress exterior to the transformed region, the upper crack-face opening at the end

of the bridging segment, and K are given by the relations

WM- 4(1 + v) Re (A)

V(- 1) 0 - w _)]. (A)

m /-11 d" (x)(

ff X -401 a



where + = # + #T + 4p, the brackets indicate the jump in 0 accross the crack faces, and Re

denotes the real pan of a complex quantity. After substituting the combination of (A I)-(A3) into

(A4)-(A6), we obdan

K(1 + v) 2 1 2cS(I+v) Re f+ Im log (T - J

E CT T 
()7

v(- )= - Red

T~~ , . .T , n (A S)

-' , T7m'g0 5d vS'

and

KV lcKcS 6 (I- ) oRe dyo (A9)

where Im denotes the imaginary part of a complex quantity. The governing equations are

formulated by allowing z to approach z(O) given by (12) while setting om = c , Ktip=

K.Nf I'-c , and v+(-I) = vf. With the introduction of the parameters (4) and (7), along with the

toughness ratio A given by the form of (1) and the nondimensional coordinates Z=z/L(I-c),

I=I/L(1-c), we derive
( (i-iV ll  / Th(1'J

I ARe.ZZ() 82R ++iVJIZ(log

(AI10)
-- Re 1 ,'0' I,
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w =AV-,/ ~ -1 2p J 0) I log '~ dY(O) (All1)3x 18 a.i I/og

and

I A - Re dY(O) (A12)t = - - := ; 7/(e)

where
Wf ~Ev, A 3wr=6L(I - c)(I - v)ac(A3

and

d r R(e)sin (0)1Y(e)=OL L(-c ) (A14)

For a < 101 < , the boundary radius vector R(0) describes the passive and residual segments

with respect to the current crack-tip position. For specified levels of the particulate toughness

ratio, the combination of (2), (5), (7) and (A13) provides the additional relation
8pw rNS')= =-+ 3"-T" (A 15)

3nc

that is used to fix the left side of (A l). The tangency condition between current active piece and

the passive-segment extension is given by
clY(a) I dY (

dX I ACTIv*F = dX EEXTN*C4 (1

The solution of (AlO) - (A12) for R(0)/L(1-c), 1, A and a given specified values oft;, 0

and p is described for the general crack increment Sa when Aa > 1. The active boundary segment

was expanded in the series
R() NL(R() N a_., T. (0/a) 0O< 101 < a (A 17)

n=0

where the Ts are the Chelbyshev polynomials of the first kind. The substitution of (A 17) into

(A10) - (A12) and (A16) -esulted in a nonlinear integral equation and three constraints in the N+4

13



unknowns (ao,..., aN, 0r A, 1). A system of N+4 equations was generated by collocating (A 10)

tit the N+ I points j - jIN (j - 0,..., N) and asserting (A 11), (A 12), and (A 16). Solution was

accomplished by a Newton-Raphson iterative technique with convergence specified by a relative

change of less than 0.1% in each of the unknowns between iterations. All integrals were evaluated

by Gauss quadrature.

The initial stage of growth was handled by setting *=Aa/L(I.c) and relaxing the constraint

(A 1l). When the right side of (A l) reached the critical value wf, 1 was allowed to vary and

(Al l) was turned on for subsequent growth increments. The restriction I < Sa/L(1 - c) was

enforced to prevent ruptured particles from rehea1ing.

For the very first growth increment, the passive-residual juncture was located by augmenting

the above system with the unknown angle 5 marking the end of the residual segment and the

tangency constraint
dY(13) dYl

dY(P)(A 18)-- X-I RESIDA Y X SO

Typically initial growth increments needed to be small but could be increased in size as growth

proceeded. As a check on the accuracy, the calculations of select runs were repeated with the

increment sizes halved. Only slight changes in results were observed.
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APPENDIX B

EXTREMELY STRONG PARTICLES

We consider crack growth in the limit of "extremely strong" particles. In order to maintain a

prescribed value of A"', we let p -4 , = .v//L(I- c) -4 0 in such a way that the product

p -\'/7 remains bounded. We derive the equations for the growing crack and then specialize the

results to handle crack growth initiation. A portion of the boundary surrounding the stationary

crack then serves as the residual segment for the transient crack.

The governing equations are derived by adapting (AIO)-(AI2). We proceed by noting that in

the limit N -. 0, the asymptotic form

UIm log ( =-211cDlf-4 0o + i./,/z(o) ) Z -*

applies. After introducing (BI) into (A1O)-(AI2), the governing equations become

I=ARe 1 0) Re I (B2)

-\fZ -(0 o( Y+\iZ))-'085+ Iekc 0

3xA P12_ 2(p17o)(zo)p / ) dY() (1)

8 ((A)2 - 1) =ApV 7 -AP/"- - - dY(O) (B3)

and

1 =- A - - Re dY(a) (B4)

~~- Z(G)

where (A16) has been used to fix the left side of (B3) and dY(6) is given by (A14). By

eliminating the transfmnation contributions of (B3) and (B4), wye derive the quadratic equation

(pV )2 + pV7 -.. 2d- ((hi)_ 1) 0 (B)

for the product p'V7. The positive root of (B5) yields the relation

15



- 4i = 4- ) (B6)

which remains constant for the stationary and growing crack. The introduction of (B6) into

(BS) and the elimination of (B4) reduces the governing equations to (B3) and

A='9+ ~Re dY (6) (B7)

For the stationary crack, (B7) was further simplified by noting that the integral is identically
is

zero so that crack growth is initiated when A = AP . The surrounding boundary given by

z(e) = R(e)(cos(e) 4, isin (6)] 0 < 1ol < x (18)

was found by setting A - As in (B2) and expanding R(O)/L(l.c) in the series

R(9)NL(-c) = &, cos(ne) (B9)
n=.0

After substituting (B9) into (B2) and fixing s,' an o, a system of N+l equations in the N+I

unknowns (a0,.., aN) was generated by collocating (B2) at the points ej jx/N (j - 0,..., N).

The Newton-Raphon procedure detailed in Appendix A was used to solve for the unknown

coefficients. Typically, ten terms were sufficient to obtain a solution.

The solution of (B2) and (B7) for the grvirng crack paralleled the method of Appendix A.

Equation (A17) was used to describe the active boundary segment and was substituted into (A 16),

(B2) and (B7) to yield a nonlinear integral equation and two constraints in the N+3 unknowns

(ao,..., &N, a, A). A system of N+3 equations was then generated by collocating (B2) at the

points ej =jowN 0 - 0,..., N) and asserting (W), and (A16). The Newton-Raphson procedure

previously described was then to obtain a solution. The initial increment was handled by

augmenting the system with the unknown P and equation (A18).
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Fig 8 Stationary precut crack in the combined material.
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Abstract

A first order perturbation analysis is presented for the configuration of an initially

straight crack front which is trapped against forward advance by contact with an array

of obstacles (i.e., regions of higher fracture toughness than their surroundings). The

problem is important to the micromechanics of crack advance in brittle, locally hetero.

gcrious solids. The formulation is based on a linear perturbation result for the stress

intensity fector distribution along the front of a half.plane crack when the location of

that front differs moderately from a straight line. The trapping solutions for a periodic

array of blocking rectangular obstacles are given using an analogy to the plane stress

Dugdale/BCS elastic.plastic crack model. The effects of the shape of the blocking ob.

stacles on the limit load at which the crack breaks through the obstacles are discussed

within the range of validity of the linear perturbation theory. We also formulate a nu.

merical procedure using the FFT technique and adopting a mvisco-plastic" crack growili

model which, in an appropriate limit, zimulates crack growth at a critical stress intensity

factor. This is applied to show how a crack front begins to surround and penetrate into

various arrays of round obstacles (with a toughness ratio of 2) as the applied load is

gradually increased. The limitations of the first order analysis restrict its validity to



obstacles only slightly tougher than the surrounding elastic medium. Receitly Fares

(1988) analyzed the crack trapping problem by a Boundary Element Method (BEM)

with results indicating that the first order linear analysis is acceptable when the fracture

toughness of the obstacles differs by a moderate a&mount from that of their surroundings

(e.g., the toughness ratio can be as large as 2 for circular obstacles spaced by 2 diame.

ters). Hlowever, the first order theory is aot only quantitatively inaccurate, but can make

qualitatively wrong predictions when applied to very tough obstacles.
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Introduction

The micromechanics of crack advasce through brittle, locally heterogeneous mate.

rials is of fundamental interest. Generally speaking, the problems involved are of three

dimension:d (3D) character and often lack a theoretical treatment due to mathematical

difficulties. Solution procedures based on finite element and bc.andary element analyses

can be devised (see Fares, 19S8) a:d they involve rather heavy numerical computations.

This paper gives a simplified analysis, of limited validity, based on linear perturbation

theory for the configuration of an initially straight crack front which is trapped against

forward advance by contact with arrays of obstacles. The obstacles aze modeled as

having the same elastic properties as the rest of the elastic medium, but with slightly

higher fracture toughness, so that the material considered here is treated as elastically

homogeneous. We assume that the crack grows whenever the local stress intensity factor

reaches the local fracture toughness at some point along the crack front. As the applied

load Increases, the crack front penetrates between and partially into the blocking obsta.

cles and reaches new equilibrium states in which the intensity factor equals the fracture

toughness value along the penetrating portions of the crack front. The distribution of

stress intensity factors is calculated based on the linear perturbation result, developed

earlier in Rice (1985a, 19), for a half-plane tensile crack with a slightly curved front.

The half.plane crack result models finite sized cracks assuming the lengths of the cracks

are large compared to other parameters such as obstacle spacing along the crack front.

The trapping solutions for a periodic array of rectangular blocking obstacles are

obtained using an analogy, following Rice (1988), to the two dimensional (2D) plane



stress Dugdale/BCS (for Bilby.Cottrell.Swlnden) type of elastic.plutic crack model.

The effects of the shape and size of the blocking obstacles on the limit load at which the

crack breaks through the obstacles ae discussed within the range of validity of the linear

perturbation theory, although those concepts can be extended to a broader context.

The linditations of the linear perturbation theory are emphasized here, in that it is

accurate only to the first order In crack front perturbations. This restricts the validity

or the present first order analysis to obstacles only slightly tougher than their elastic

surroundings, i.e. the fracture toughness ratio (of the obstacles to surroundings) must

be near unity. It will be discussed in the text that when applied to very tough obstacles,

the first order theory is not only quantitatively inaccurate, but can also be qualitatively

wrong. Fares (1988) recently performed a BEM (Boundary Element Method) analysis

on crack trapping configurations, based on a fundamental solution developed by Rice

(1985b), for a prismatic opening dislocation source ahead of a half.plane crack with a

straight front. By comparing the BEM results with those obtained by the first order

theory, Fares showed that, for simple c vsine wave form perturbations of the crack front.

the first order theory gives quantitatively acceptable results for the stress intensity

factor distribution (within 7% error) when the wave amplitude is within roughly 0.1

times the wavelength. For the case of periodically emplaced circular obstacles spaced

by 2 diameters (figure 7a), which is analyzed both by Fares (1988) and the present

authors, the first order theory can be applied to obstacles that are up to approximately

twice as tough as the surrounding material.

Based on the linear perturbation theory, we formulate a numerical procedure for
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crack penetration of a periodic array of blocking obstacles by ising the Fut Fourier

Transform (FFT) technique and adopting a "visco-plastic" crack growth model. In that

model, once the stress intensity factor exceeds the local fracture toughness, the rate

of the crack growth is linearly increased with the difference between them at the same

location along the crack front. The crack then continues to grow until the new equilib.

rium state is reached. By controlling the rate term in such a visco-piastic formulation,

the procedure may be made to simulate crack growth with the intensity factor equal,

tffectively, to the local fracture toughness. We give several examples of applications of

the numerical model to show how a crack begins to surround and penetrate into arrays

of round obstacles as the applied load is gradually increased.

Formulation of Crack Trapping and Penetration

Following Rice (19S8) in formulating the crack trapping problem, we consider a

half.plane crack in a linear, isotropic elastic solid. Assume that the crack lie on the

plane y = 0 with a straight tip along z = ao parallel to the : axis (fig. la), and is

subjected to fixed applied tensile loadings which induce mode 1 tensile stress intensity

factor

K" = K o[z; ao] ]

.,iong the crack front. The following linear perturbation result was developed by Rice

(19S5a) to calculate the distribution of stress intensity factor K along a slightly per.

turbed crack front, along the arc z = a(z) in the plane y = 0 (figure ib)

I'(z) = SCz;(z)] + (12;r)PV +. KO[.,; o(z)(a(:.') - a(-)] d., (2)
_3 , (it Z)2



to the first order accuracy in the deviation of a(:') from constancy; PV denotes principal

value. In writing the above equation for any chosen z, we have chosen a reference straight

crack with tip along z = a(=).

We will use the above half-plane crack results to model the trapping problems of a

finite sized crack, co now being the crack length in the x dimension (e.g., half of the

length of a tunnel crack). We assume that the real intensity factor distribution along the

reference straight crack front varies negligibly with - and also that the representative

perturbation wavelength of the actual crack front is much smaller than the overall crack

length. Thus the above half.plane crack result can be used with K" regarded as uniform

along the crack front and independent of the crack length over the small perturbations

to be considered. Note that tie representative wavelength of the perturbation of the

crack front must be consistent with that of the variation of the non-uniform fracture

toughness along the crack front. Using an integration by part in eq. (2), one can show

that
K()- f +.00 da(:')/d:'d:()K- O -- (1/2-.) PV t - dz' (3)

Let K, and k, denote tle fracture toughness, or the critical E's, for the obstacle.

free material and the obstacles respectively. Now imagine a crack front that is trapped

by obstacles of some given distribution. The crack penetrates between and partially into

the obstacles so that we may assume that K = .K, on the portions of the front between

the obstacles and K = k, on the portions where the obstacles are being partially

penetrated. However, the pc etration depth a(z) is unknown in those penetrated zones.

Yet a(zj is known but K(z) is unknown where the crack front just contacts the obstacles.
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One then needs to solve the singular integral equation (3) for a(:) and K(:) with the

values of either a(:) or K(:) given along complementary portions of the : axis. The

special solution to eq. (3) with K(.) = KO" = A and a(z) = ao = const, corresponds

to the initial state when crack penetration is imminent.

Clearly, eq. (3) is strictly valid only if Ida(:)/d:j < I over the whole crack front

(-oo < : < oo). This is equivalent to [K(-) - K 0)/XK < 1. Crack penetration

into the obstacles starts when the applied K is increas.ed from K/. Hence during

a penetration process one always have [A(:) - K 0]/K ° <_ (k - Kl/lK* so that the

condition Ida(:)/d:J < I can be guaranteed by having [' - K¢IlKc < 1. In practical

terms, it appears that our results are still approximately valid when [/'C - K,]I is

near unity.

Analogy to Elastic-Plastic Plane Stress Crack Model

Let us consider the two dimensional plane stress problem in the y,: plane, with

an array of cracks along the : axis on y = 0 which can be represented by a continuous

distribution of prismatic opening (edge) dislocations. A remotely applied uniform stress

y= = ao generates an opening gap 6 = 6(-) (i.e., net y direction displacement) between

Y = 0+ and Y = 0-. The stress r, along the z axis, denoted by a(z), is the sum of a °

and the effect of a continuous distribution of edge dislocations representing the opening

gap between the crack faces. Hence we write the following,

2[a(2-) - a
0 1 +- d6(z')/dz' dz' (4)

7(
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Equation (4) may be rearranged to coincide exactly with (3) provided that one makes

the identifications (Rice, 1988)

2 [a(-) - oIE -. (K(z) - KOJA'°;
(5)

6(z) -a)

Thus the 3D linearized perturbation problem of a crack trapped by, penetrating between

and partially into, an array of blocking obstacles has the following 2D plane stress

analog: The x axis is divided into the following two parts, Ltrp and Ln, analogous

to the contact and penetration regions along the crack front (see fig. 2b). Along Ljop

the plane-stress opening gap is prescribed, i.e., as a given distribution of prismatic

opening dislocation corresponding to 6(z) = a(z). Along the portions of L... between

the obstacles, conditions correspond to an array of plane stress cracks with the stress

sustained along the crack faces prescribed as o(z) = 0o + E(KC - K0 )12K. The regions

denoted as R in fig. 2b, as a part of Lp,,, is analogous to a Dugdale/BCS line plastic

zone in plane stress, along which a(:) = oo + E(k, - JtO)/2K °. The region Ltrap

reduces, and R increases, with increase of the "applied" stress intensity K" , as the

crack front gradually penetrates intc the obstacles. The size of the zones R must be

determined as part of the solution by imposing the condition that K(:) be finite (equal

to k ) as the border between Ll,,p and R is approached from within Lt,,. A special

case when ', -. oo, corresponding to impenetrable obstacles, has the analogy of purely

elastic plane stress cracks without plastic regions.

The plastic flow in the above analogous 2D plane stress problem, of an array of cracks

in an elastic-plastic sheet, is confined to line plastic zones along the z axis. Thus a(z) =

6r, (> o0 ) along the plastic zones R, where the Dugdale/BCS tensile yield strength & is

.6



identified as 0+ E(f,-Ko)/21 oK0 . The portions of Lre" complementary to R correspond

to loaded crack faces on which a(z) = a, (< a) (a, = aO + E(KC - K°)/2K°).

Hence the solutions for the 3D problem of crack trapping by obstacles can be simply

extracted from the known 2D Dugdale/BCS plane stress crack model solutions, or from

new solutions that can be generated by solving the integral equation or, perhaps, by

solving an alternative numerical model of the 2D plane stress problem.

Gradual Penetration of a Periodic Array of Obstacles

Figure 2 shows a periodic array of obstacles with center.to-center spacing of 2L

and a gap 21 between them. The obstacles have flat edges, parallel to the - axis, and

are aligned so that the crack front encounters them simultaneously. Thus they could

represent aligned rectangular shaped obstacles of sufficiently large (see below) extent d

in the z direction. As rernarked, the trapping solution may be developed directly from

the analogy to the 2D solution of plane stress Dugdale/BCS model. The Dugdale/BCS

model for a periodic crack array has been solved by Bilby and Swinden (1965) and

Smith (1966). In particular, the parameters R and a characterizing spread of the

crack into the obstacles as defined in fig. 2b, are given by:

R = H (1/c) arcsin[ sinc/sinp -1)

(6)
211 "- n , (= - s2 Cos 0 / tn [sin(+u)J dO

- - J (I -sin2 a sin 2 0)1/2 Lsin( -,u)]

7



where

S= , - K°)/2(k, - K,), = (ke - K)/K0,

c = ll/2L, a = (I1 + R)/2L (7)

The above results axe meaningful for the range

K. :_ K° 5 K. + f(k. - K) (8)

where f = (L - )f)IL is the line fraction of contact zones. The crack front is predicted,

within the linear per:urbation formulation, to completely penetrate the obstacles (i.e..

Lt,., shrinks to zero in fig. 2b) at the upper limit. Of course, the linear perturbation

procedures themselves are rigorously valid only for A slightly greater than the lower

limit K. Note that p = x/2 corresponds to the lower limit and j = c to the upper

limit.

The upper limit in (8) gives the limit load at which the crack front just breaks

through the array of obstacles,

IC° = K1 + f(k, - 4) (9)

This predicts the maximum load that the crack-obstacle system can sustain within the

range of validity of the linear perturbation theory.

However, the limit load KO can be calculated exactly (Rice, 1988) if K(z) is known

everywhere along'the crack front when the final failure of the crack-obstacle system

occurs. This would be true if there is no instability prior to final breakthrough, so that

the local K(z) is everywhere equal to the local toughness. Since it is assumed here that

8



the straight-crack-front value K' of eq. (1) can be regarded as constant, it is necessary

that

(K°) = <[K()), > (10)

be satisfied for any crack front configuration a(-) in fig. 1b. Here the brackets denote an

average along the entire: axis. Equation (10) can be proved by considering the ener&"

release in a unit translation of the crack front in the z direction without any change

of the crack front shape. If no instabilities occurs, K(z) is known everywhere at final

bre?,kthrough, i.e., K'(:) = K, on regions between the obstacles and K(:) = ''c within

the obstacles. Hence eq. (10) gives the exact value of the limit load K ° as

r,.o = (Kc2 + f(W. - Kc-2)11/2 (11)

This agrees with eq. (9) to first order in (k, - 14) and a table comparing the results

over a range of parameters is given by Rice (1988).

However, a given crack.obstacle system can also fall by mechanisms that involve

instabilities, in which cases eq. (11) does not apply. The BEM analysis of Fares (1988)

showed that for a crack trapped by sufficiently tough obstacles, there is a maximum

local K(z) = WlK'K which can be generated at the crack front prior to final instability.

When the obstacle toughness kc is more than MI4'K, the penetrating crack front seg.

ments coalesce with one another and the crack front bypasses the still-intact obstacles.

This mechanism of the final instability is completely different from anything explain-

able within the first order theory. In fact, the first order theory predicts that failure

always occurs by having the crack front break through the obstacles, and the K0 at

breakthrough increases linearly with the obsoacle toughness. The first order theory also



implies that an arbitrarily large local K(z) can be developed where a crack is blocked

by a sufficiently tough array of obstacles. Therefore, the first order theory can be even

qualitatively, as well as quantitatively, wrong when applied to tough obstacles.

Hence IV is defined as a critical parameter which sets the upper limit of the obstacle

toughness value k, = IW'14 for having a breakthrough mechanism as predicted by

the first order theory. In other words WV sets the boundary between the breakthrough

mechanism in which case the first order theory is at least qualitatively correct and the

bypass mechanism (coalescence of penetrating crack front segments beyond an unbroken

particle) which is completely beyond the scope of the first order theory. This IV can only

be determined through more accurate formulations such as the BEM analysis of Fares

(1§88). It can be justified that IV depends only on the shape and size of the blocking

obstacles and it increases with the obstacle size, d, in the x-direction. As a limiting case.

li t approaches infinity when d - oo, corresponding to straight.edge obstacles with semi.

infinite extent in the x direction. The toughness ratio kd1K, should be significantly

smaller than W4' to get a quantitatively acceptable results from linear analysis.

Even if the breakthrough mechanism is guaranteed by having 'dC/Kc < i', there

exists another type of instability which can lead to final breakthrough before the state of

full penetration of the obstacle is attained. In these cases K(z) is not known everywhere

at breakthrough (unknown along the unpenetrated portion of the obstacle). L1 the next

section we explore the critical parameters associated with this mechanism of instability

within the first order theory. It will be shown that for rectangular obstacles as shown

in figure 2, a critical length dL can be defined so that the penetration process is stable
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if d > dL and unstable if d < dL.

Therefore, the failure processes of a crack trapped by blocking obstacles fall into

three categories. Taking rectangular obstacles as a demonstration, there are two critical

parameters It', dL, If the toughness ratio k,/K° > II, the crack will bypass the obstacles

without breaking them (category 1). When k/K, < I', the crack will break the

obstacles by penetration. The penetration process will be unstable (category 2) if d < dL

and stable (category 3) if d > dL. The first category involves the instability mechanism

of crack bypassing the unbroken obstacles, which is completely beyond the scope of the

first order theory. Wt will restrict our attention to the latter two categories (2 and 3)

of breakthrough mechanism. For convenience, we will refer to processes in the second

category that involve instability prior to full penetration of obstacles u "irregular"

processes while others in the third category for which K(z) is known everywhere at

breakthrough as "regular" processes.

For regular processes all instabilities can be excluded so that the obstacles are gradu.

ally penetrated by the crack until final breakthrough. The argument leading to equation

(11) for rectangular obstacles can be readily extended to arbitrarily shaped, but sym.

metric (about the x-direction), blocking obstacles in a periodic array. Let us define

f(zo) as the line fraction of the obstacles on a straight line located at z = zo parallel to

the original crack front. (For rectangular obstacles of fig. 2, the line fraction f(zo) is a

constant which takes the value of (L- H)/L). Equation (11) then gives the exact value

of the limit load JO, provided that f now represents the maximum line fractioni.e.,

f = mnaxf(o). This also gives an upper bound for the limit failure load in case of
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instabilities. For general, possibly asymmetric, tMofking obstacles, the limit load for

regular processes can still be calculated from (11), but the line fraction f now depends

on the crack front profile at final breakthrough. Again considering the energy release in

a unit rigid translation of the crack front in the x-direction at the final breakthrough,

one easily concludes that f = S/2L where 3 represents the projection in the z-direction

of all the crack front segments within the obstacles in one period. This is even true for

multi-row systems of periodic arrays of obstacles (see later examples), in which case the

bowing-out crack front will encounter obstacles in different rows.

Assuming [k', - KICJf'c is sufficiently small, both regular and irregular crack pen.

etration processes can be studied by first order perturbation theory. In particular, the

instability in irregular processes deserves special attention. We next report a quantita-

tive study on the role of the shape and size of the obstacles in crack penetration pro-

cesses and discuss the limit load for irregular processes. The case discussed previously.

for crack trapping by a periodic array of rectangular obstacles with large z.dimension

shown in fig. 2, is important in the following discussions. For convenience we will refer

to it as the "model" case.

Instability in Crack Penetration of an Array of Obstacles:
Irregular Processes

The problem is addressed on the assumption that [k, - KJ/KC is within a range

suitable for linear perturbation theory. Referring to the model case shown in fig. 2, we

denote the value of amln at the complete penetration of the obstacles (i.e., R = L-H) by

aL, and define the area between the line z - aL and the crack front within an obstacle

12



by At- (fig. 3a). Taking the upper limit = c = (1 - f)r/2 in eqs. (6), one obtains

L 4 k,. - ,4 ( o r" I n sin ( f / 2 + ) d

L r' 14 + f(k, - 14) o Is . :/ - ()2

Hence oL/L is expressed as a function of the line fraction f of the obstacles and the

toughness ratio 1/14C. Now imagine an array of arbitrarily shaped, but symmetric

(about the x.direction), obstacles spaced by 2L with a minimum gap of 2H in the -

direction. We choose a model case with parameters )1,L for reference. If an obstacle

can fully contain the area AL associated with the chosen reference (fig. 3b), then at

breakthrough the crack is undergoing exactly the same state as the reference model

case. Therefore the penetration process is a regular one so that eq. (9) applies to give

the limit load based on the maximum line fraction f of the obstacles in the : direction.

For example, it can be proved that aL < L - H (the proof can be achieved by choosing

a variable u = (L - 1)/L, then forming a function g(u) = ao1 /L - u and proving that

g(u) is monotonously decreasing from zero over the interval (0, 1]). Therefore the crack

penetration of an array of round obstacles with radius equal to L - H1 is a regular

process (figure 3d), in which case the limit load is predicted by eq. (9) for maximum

line fraction f = (L - J1)/L.

However, if the shape of the obstacle can not fully envelop the area AL of the

reference state, but rather is contained (below its maximum width line) fully within

AL (figure 3c), the full penetration of the obstacle will not be possible at the moment

of final breakthrough. That is, an instability will lead to breakthrough prior to the

full penetration and the penetration is irregular. Therefore the area AL is the critical

parameter that distinguishes between the regular and irregular processes. The actual

13



breakthrough loads for irregular processes are smaller than those predicted by eq. (9)

using the maximum line fraction f.

Usually the calculation ofUmit loads for irregular processes requires numerical search

for the occurence of instability. llowAvver, there are some cases for which direct Znalysis

suffices. For example, consider a periodic array of obstacles with shape shown in fig. 4a.

Apparently the penetration would be a regular one if the height d of the bue portion of

the obstacles is greater than aL, i.e., d > aL. When d < aL, the process is an irregular

one if the angle , < x/2. Let us look at a moment at which the crack has penetrated

into the obstacle an amount characterized by the parameter p shown in fig. 4a. It can

be argued that the shown state, if in equilibrium with the imposed load, is the same as

another model case with parameter H' defined by HI' = H + p. It foUows from eqs. (6)

that

d +ptany V =L~sin c +~1 'a~ sn+)' d6 (13)d~ptan 77 1.sn ., (sin2 sin' (sin2 -6)112n Isin(Ojd -(p3J

where c = -.I'/2L and it, w are as defined in eqs. (7). If we take the derivative of both

sides of eq. (13) with respect to p keeping other parameters constant, we can solve for

the quantity dK0 /dp for any p. It dK°/dp > 0 the current state is a stable one, in the

sense that the load E" needs to be increased to increase the penetration p. Instability

occurs when dK°/dp 5 0 with the critical point reached when the equal sign is taken.

An important case is dK /dpv,~o = 0, which determine a critical angle 0, below which

the instability occurs instantly when p = 0. After some algebraic manipulations, it can
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be shown that

2 jV/3 cosccogosin2pU si( +] p) (
tan+' =w , (sin' p - sinr csinl )P/2 In sin(s -;t)]

where c = x)I/2L at p = 0 and j., i are determined further by solving (13) for A110 using

p = 0. That is

4L = (P12 cos I [sin(6 + ) d6d = 7 (sin:/. - sin2 (sin 0)'2 sin( -(15)

When the geometrical angle 0 is less than 0,, the limit load KO at which the crack

breaks the obstacles is then determined directly by eq. (15). We observe that V, = x/2

for p = c, corresponding to the upper limit in (8), so that at that limit the crack breaks

through the obstacles with any 0, up tc , = 90* (corresponding to the model case).

As d - 0, as for a very thin obstacle, p - r/2 and Oc - 0. Usually 0 < 0, < ;12.

The value of '€ is plotted in figure 5 against dIaL, the height of the obstacle non.

dimensionalized by aL, for 11IL = 0.5 and .'K/ = 2. It is shown that v, is nearly

linear with diaL until diaL = 0.9, after which a sharp increase toward 900 is then

observed. A rectangular obstacle with V = 0 and d < aL can then be always categorized

as , < -' (fig. 4b), and the limit load at which a crack breaks through an array of

rectangular shaped obstacles is determined by the eq. (15) when d < aL. Hence one cana

define a critical length dL (= aL) for rectangular obstacles so that the crack penetration

process is stable if d > dL and unstable if d < dL.

Finally if 0 > ¢'€, instability will occur at some p > 0 and a similar critical location

can be determined by the condition dK0ldp = 0. We dc not present the details of the

analysis.
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Numerical Formulation of Crack Penetration of Periodic
Arrays of Obstacles

Within the range of validity of the linear perturbation theory, we have discussed the

problem of crack trapping by arrays of obstacles based on an anJogy to the 2D Dug.

dale/BCS plane stress crack model. The solutions are given for characteristic quantities

such as the penetration depthz and the Limiting K value at which the final breakthrough

octurs. In the following we formulate the trapping problem by an alternative, yet more

powerful numerical procedure. The 7esults are compared to those previously derived as

well as applied to other cases for which analytical solutions are not known.

General Numerical Formulation

For the general formulation consider the fracture toughness varies in space so that on

the crack plane, K, = l&x,:). The crack will grow at the positions along the crack

front where the stress intensity factor exceeds the fracture toughness 1. We adopt the

following "visco.plastic" model for the crack growth

Oa(:,t) = I p[17'(:,f) - KJ(a(:,t),:)] 1 1' (16)
at 0 otherwise

where I is a time parameter in this model, p is a coefficient that represents the "viscosity"

of the system. By making p sufficiently large, or else (as we do) by waiting a sufficiently

long time for a new equilibrium configuration of the crack front to be approached after

each small increase of load KO in, a "staircase" load vs. time history, we can make

(stable) growth occur arbitrarily close to the condition that K = K, during growth.

Note that in eq. (16) K = K(:,f) is related to a(z,t) by eq. (3) at a time t. In
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principle one can solve the coupled equations (3) and (16) for K(.,) and a(:,). Ap.

parently a(-) = a(:,oo), alter step increase to the KA of interest, is the final equilibrium

crack profile, corresponding to the sort of solution for crack penetration discussed in

the previous sections. While it is often impossible to solve the coupled equations an.

alytically, numerical procedures can be designed by discretizing the equation (16) into

small time steps, and for each step updating a(.,L) and K'(:,t) according to (3). The

time step t for any given value of p can be adjusted to speed up the ce.nnvergence of

the solution. We will apply this procedure to the periodic array of blocking obstacles

in the following.

Tunnel Cracks IVth Periodic Arrayts of Obstacles

Consider a tunnel crack lying In a homogeneous, Isotropic elastic solid, having length

2a along the r a.ds, and subjected to a remote tensile stress a that induces

1110 = 1C0tal = avi' (17)

along the crack front. The crack advance is blocked by an array of obstacles. Assuming

the half.siz# of the tunnel crack is initially equal to a,, crack growth will be imminent

once the load u reaches a point that condition A"° = u7Vi', = Re is satisfied, where

here Kt is the minimum fracture toughness of the elastic medium along x = a,. With

further increase of the lnad the crack will grow into a new equilibrium state having a

slightly curved front. Now expand a(., 1) and K.(z, t) in Fourier series,

a(:,1) = Ane m" Z/L, K(z, I) = K C /e 'nu' ' L. (18)
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where recall that 2L is the obstacle spacing. Hlere A,, = Ais, K,, = K-, are necessary

for a(-, 0, K(:,f) to be real valued. Substituting eqs. (18) into eq. (3) and carrying

out the principal value integrations, one finds (Rice, 1985a),

Ko -K 0(°Aoj = a VxAo and, for n o 0,

R4 {dKO(,Aol - nr K (o) A,2= O L-JrIA

The above equations (19) replace eq. (3) in the case of periodic array of obstacles.

Since eq. (3) is for a half.plane crack and valid only to the first order in dald: (or

Oa(:,L)/O:)), the above equations are only valid when LIAo,IA,,IIAo < 1.

For a single cosine wave perturbation, assuming that A,. = 0 for Inl > I so that

a(:) "- Ao + 2,AI cos(-:/L). In this case, it follows from (19) that

E(--) = Ko [I + ( _ x ) )L cos(:-/L)3 (20)

Fares (1988) has shown that the error of (20), when A1/Ao < 1, is within seven percent

for At = 0.1L and can be as large as 20 percent for At = 0.2L. It is seen from (20) that

K(:) is predicted to be linear with A,, and when A//L exceeds 1/., K(:) is predicted

to be negative at the most protruding parts of the crack front, e.g., z = 0. This is why

the first order theory can be qualitatively wrong when applied to tough obstacles in

which case large crack front perturbations might occur. By contrast, the BEM results

of Fares (1988) show that K(z) attains the smallest, but always positiv , valw., at the

most protruding parts along the crack front.

The fast Fourier transform (FFT) method is used to carry out the expansion and

inversion of the Fourier series in eqs. (18). The numerical procedure of solving for
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the equilibrium profile a(-) at a given load a is then formulated as follows: The initial

shape function a(.:,0) (e.g., a constant at the start of the procedure) is expanded into

a Fourier series by the FFT method, and the coefficznts K., in the second of eqs. (18)

are calculated by eqs. (19). A FFT inversion (or summation) by eq. (18) gives the

distribution of K(.,0). Equation (16) is then used, for a chosen small time interval -A

and constant (arbitrary) p, to calculate the amount of growth Aa(z,0) for one period

0 < - < 2L, therefore updating a(:, At) as a(.,O)+ Aa(:, 0). The abutve procedure is

repeated to calculate the subsequent growth until the final equilibrium state is achieved

in which a(z, i) no longer increases by any substantial amount, indicaiing that conditions

K(-) = 4c, K(:) = k' are satisfied to the accuracy required along the corresponding

portions of penetration. Then the applied stress may be increased by another step and

the same sequence of steps followed. We have found that the above procedure is a

rapidly convergent process for properly chosen time steps (scaling inversely with the

constant p).

In order to compare the numerical solution to the previously derived results, we

consider again the model case of crack penetration into a periodic array of semi-infinlite

obstacles spaced at gaps of 2L as shown in fig. 2. Figure 6a depicts the obstacles in

one period -1 < IL£ < 1. The initial crack length a, is assumed to be 10 times L (the

results for the case when ai is 100 times L show no significant difference from this case)

and the obstacle size is also L (i.e., H = 0.5L). The load oj for penetration to start and

the initial crack length ai are related by

9(21)
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We defne a non-dimensional load parameter as a = a/a. The fracture toughness k, of

the obstacles is taken a-, twice the value of K,. The crack front trapping configurations

are shown in fig. 6b. The full penetration, which is also the final breakthrough in this

special case, occurs when & reaches 1.5, as predicted in eq. (9). Also shown in fig. 6b in

dashed lines are the corresponding curves when ai = 100L, in which case the half-plane

crack is better approximated. We see that the curves at a; = IOL is very close to those

at ai = 1OOL. The penetration curves also match closely the previously derived ar,.

and R of eqs. (6).

Before concluding this section, we further consider a crack penetrating an array of

round, circular shaped obstacles spaced by 2 diameters (figure 7a). To examine the

validity range of the first order theory, let us first assume a toughness ratio (li&°/,14) of

4. The trapping configurations are shown in figure 7b and the final breakthrough occurs

at a = 2.5. Fares (1988) calculated the stress intensity factor distribution corresponding

to these first.order-accurate trapping configuration. His reswalts show that only the first

profile, corresponding to E = 1.3, gives the correct K(:) distribution, i.e., K(.-) = K,

along the penetrating portion of the crack front. As shown in figure 7b, the maximum

perturbation for the first trapping profile is slightly greater than 0.4L, which is somewhat

consistent with the BEM results on the single cosine wave perturbation shown before.

Fazes (1988) also pointed out that in this case the maximum local K(z) which can

be generated along the crack front is only 3.52K, i.e., IV = 3.52. The final failure

occurs at a = 2.35, by having the crack front bypass the still-intact obstacles. The

first-order-accurate trapping configurations at the higher a values in figure 7b are hence
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even qualitatively wrong.

The above indicates that it is necessary to reduce the toughness ratio substantially

in order to apply the first order theory. The maximum perturbation of the crack front

should be kept within a reasonable range. Figure 8a depicts the trapping profiles when

the toughness ratio is reduced to 2. In this case the maximum perturbation is below 0.61.

and the linear perturbation theory can be regarded as an acceptable approximation. In

fig. 8b a more detailed picture of the crack penetrating the round obstacles is shown

as the applied load is gradually increased from 1.4 to 1.5 with a step increment of

0.01. The complete breakthrough of the whole array of obstacles occurs when & =

1.5. This confirms the previous conclusion that the penetration of round obstacles is

a regular process when the toughness ratio is low enough for analysis within the first

order theory. The penetration of the obstacle starts at a load level lower than but close

to the final breakthrough load (in our case &p, = 1.44). One may see in fig. 8a.b that

the crack initially grows by following closely the outer curvature of the obstacles and

starts penetrating the obstacle when a = 1.44. Shortly ifter the start of penetration

the final breakthrough occurs. The reason for this is that the circular boundary of the

obstacles is close to the bounding curve of AL. A limiting case is when the shape of

the blocking obstacles exactly coincides with the contour of AL. In that case no partial

penetration of the obstacles will occur before the final breakthrough.
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Some Further Case Studies

Here we give several examples of using the developed "visco-plastic"/FFT numerical

model to show how a crack starts to penetrate and surround round obstacles, emplaced

in the form of multi.row periodic arrays, as the applied load is gradually increased. A

toughness ratio of two is assumed for each crack.obstacle system.

Case I. Figure 9a shows a two-row periodic array of round obstacles in one period

-1 < :IL < 1. The radius of the obstacles is taken as 0.3L. As can be observed from the

resulting crack front trapping configurations depicted in figure 9b, the crack penetration

starts by following the circular boundary of the round obstacles in the first row. \Vhen

load & is increased to 1.2, tlae central part of the penetrating crack front touches the

second row of obstacles and at Z = 1.4 the first row of the obstacles is fully penetrated.

The final breakthrough occurs at a = 1.55.

Case !. We consider in the second case two rows of round obstacles, still with radius

0.3L, but with one more obstacle in the second row as shown in figure 10a. The trapping

profiles display more complicated feature when the applied load a is increased by step

increments of 0.1. Figure 10b shows that the first row gets penetrated at a = 1.3 and

the final breakthrough occurs at a = 1.71.

Case 3. In figure 11 three rows of blocking round obstacles are shown, each with

radius equal to L/2V(3. The final breakthrough occurs at a = 1.87. This obstacle

arrangement is interestilg, in that a toughening ratio (,K°/K) of 1.87 is achieved with

the area fraction of the obstacles less than 0.5. This is due to the fact that at final

breakthrough a large portion of the crack front lies within the obstacle region. Hence
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this type of obstacle arrangement is quite efficient in toughening the elastic matrix

material. This suggests an intertsting problem to find the optimum arrangement for

the obstacles at a given volume fraction such that the maximum toughening can be

achieved. We leave it as future work to address such issue.

Case 4. Finally, we give a simulation of a crack penetrating smaller particles (with

radius taken as 0.1L) as shown in figure 12. Again three rows of blocking round obstacles

are shown, each row contains one more obstacles such that it is harder to break than the

previous row. As tile obstacles in the first row have a large spacing, part of the crack

front contacts the second row and the interaction effect results in stronger resistance to

crack penetration. Such interaction becomes smaller between the second and third row

and the final breakthrough occurs at a = 1.30.

The above case studies clearly show that significant toughening of a brittle matrix

can be achieved through crack trapping by obstacles (e.g., second phase particles, in.

clusions, etc.) by having tile obstacles emplaced in a "good arrangement- such that tile

bowing out crack front encounters the maximum number of obstacles at final break.

through. In these discussions we have excluded the possibility of crack bypassing of

tough obstacles (see previous discussions in the text). That mechanism gives rise to

unbroken ligaments behind the crack front, which cause an additional toughening ef-

fect, referred to as the "bridging effect" in the literature, by reducing the effective

crack front stress intensity factor. One expects that in reality these mechanisms will

have a combined toughening effect on a brittle matrix containing tough second phase

inhomogeneities.
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While our considerations here are for tensile (mode I) cracks, the corresponding

equations of the first order perturbation theory are of closely similar form for those

loaded in mode II or mode III shiar (Gao and Rice, 1986). Thus, to the extent that

a shear crack 2dequately models a tectonic fault. the piesent considerations may be of

interest for faulting in regions of heterogeneous shear toughness.
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List of Figure Captions

Fig. 1: A half.plane crack in homogeneous, isotropic elastic medium with a (a)

straight crack front; (b) slightly curved crack front.

Fig. 2: (a) A Crack front trapped by a periodic array of rectangular obstacles.

(b) Regions Lt,.,, L,,, and R along the trapped crack front.

Fig. 3: (a) Area AL distinguishing between regular and irregular penetration

processes. Shapes of obstacles that cause (b) regular and (c) irregular processes.

(d) Round obstacles.

Fig. 4: (a) A special shape of the blocking obstacles; parameter p describing the

crack penetration into the obstacles. (b) An example of an irregular penetration

process caused by rectangular obstacles.

Fig. 5: Critical angle tc for the obstacle shape shown in figure 4.

Fig. 6: (a) Configuration of a periodic array of straight.edged obstacles aligned in

front of a cracl. (b) Crack penetration profiles with toughness ratio R4/l4 = 2.

For solid line curves ai = lOL and for dashed line curves ai = 1OOL.
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Fig. 7: (a) An array of round obstacles spaced by 2 diameters and (b) the crack

trapping profiles when toughness ratio k'/Kc-" 4 (note that the first order theory

gives qualitatively wrong predictionx at the higher a values In this case; set text).

Fig. 8: Crack trapping profiles for round obstacles in figure 7a with toughness

ratio AC/KC = 2, when the load a is increased (a) from 1.1 to 1.5 with a step

increment of 0.1 ano ',h) from 1.4 to 1.5 with a step increment of 0.01.

Fig. 9: (a) Two rows of periodic arrays of round obstacles with diameter equal to

0.3 times the obstacle spacing. (b) The corresponding crack trapping profiles.

Fig. 10: (a) Two rows of periodic arrays or round obstacles with diameter equal to

0.3 times the obstacle spacing and (b) the correrponding crack trapping profiles.

Fig. 11: (a) Three rows of periodic arrays of round obstacles with diameter equal

to 1/24A times the obstacle spacing and (b) the corresponding crack trapping

profiles.

Fig. 12: (a) Three rows of periodic arrays of round obstacles with diameter equal

to 0.1 times the obstacle spacing and (b) the corresponding crack trapping profiles.
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Abstract

This paper addresses the trapping of the front of a planar crack as it impinges upon a
row of periodically emplaced tough obstacles. The initial penetration of the crack between
obstacles, under increasing load, u well as the ultimate unstable joining of penetating
segments so as to surround and by-pass the obstacles, ame analyzed. The formulation used
for the associated 3-D elasticity problems of half-plane cracks with non-uniform, curved
fronts is a Boundary Element Method (BEM). This incorporates a specialized fundamental
solution for an opening (prismatic) dislocation source ahead of a half-plane crack with a
straight front (Rice, 1985P). The implementaticon of this BEM and associated mesh moving
with the front is first discussed after which a series of case studies ar carried out. Thefirst
two case studies evaluate the accuracy of previously obtained linear perturbation results
(Rice (1985b), Gao and Rice (1988)). The last study is a crack growth simulation around a
periodic array of circular obstacles with a particle size to spacing ratio of 0.5. The
simulation shows in that case that crack trapping achieves a toughening ratio of 2.35 when
the particle to matrix tDughness ratio (Kcp/K,) is greater than 3.52. The simulation also
gives lower bounds on the net toughening when Kcp/Kc<3.52.



Introduction

The object of this paper is to study crack trapping. Crack trapping is a specific micro-

mechanism of toughening in a brittle matrix containing second-phase inclusions (Lange

(1970)). Two related toughening micro-mechanisms or crackfront interaction with second-

phase inclusions have been recognized in the literature. These arm the bridging and the

trapping effect. Unbroken Ligaments surrounding second-phase inclus.ons or fibers can

sometimes lag behind a main crackfronL These ligaments would then serve as bridges

forming a process zone and reducing the effective crackfront stress intensity factor. This

mechanism of toughening is referred to as the bridging effect and has been extensively

studied (e.g. Krstic (1983), Rose (1987a), Budiansky et al. (1988)). On the other hand,

crack trapping addresses the process by which tough second-phase inclusions get

surrounded or cracked by an advancing crackfrnL The crack trapping effect was rust

studied by Lange (1970, 1971) who (based on experimental observations) suggested an

analogous mechanism in crackfront movement to that of dislocations bowing between

obstacles. Lange attempted to quantify this possible source of toughening on the basis of a

line tension associated with the crackfronL Evans (1972) further considered this idea and

noted that toughening cannot be simply related to the increase in length of a crackfront due

to bowing. Evans also noted Lhat toughenhix should depend on the ratio of inclu-.ion size to

spacing and not solely on the spacLg as was predicted by Lange's line tension model.

Finally, Rose (1987b) developed a model which assumed the two effects identified here as

crack trapping and crack bridging to be multiplicatively reinforcing. However, Rose

circumvented the trapping studies by assuming a simple rule of mixtures as the crack

trapping toughening effect.
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In contrast to the bridging effect, the tripping effect requires explicit 3-D modelling in

order to be effectively discussed. That is because the Stress Intensity Factor (SIF)

variations along the crackfront have to be accounted for explicitly in crack trapping studies

whereas srearing of the "bridges" along the direction parallel to the macrocrack in order to

obtain a 2-D mechanical model plausibly retains the essence of the bridging effect. A means

of effectively studying SIF variations along a crackfront occured with the development of

3-D weight function theory (Rice (1985a,b)). In particular, the theory of first order

variation of SIF due to variation in location of a planar crackfront (Rice 1985b) made the

preliminary analysis of the crack trapping problem posible. In a frust study (Rice (19" ' k

a methodology of obtaining the configuration of the front of a planar crack which is ,. ppet.

against forward advance by contact with an amy of obstacles was presented. The method

was then used to obtain an analytic solution to a periodic amy of long rectangular

obstacles. Gao and Rice (1988) further developed the fust order perturbation crack trapping

ainalyis and included discussion concerning the effect of obstacle shape. Gao and Rice

also implemented a numerical procedure (based on the linear perturbation treoy) having a

"visco-plastic" crack growth model which, in the limit they considered, simulates growth

with the intensity factor equal to the local fracture toughness. They simulated the evolution

of a crackfront encountering an amy of round obstacles as the applied load was quasi-

statically iratsa The present study evaluates the accuracy of the first order perturbation

studies and performs an analogous crack growth simulation without the linearization

assumpdons. It analyzes the finite penetration of crack segments between obstacles and the

ultname joining of segments so as to by-pass particles. These problems arm well beyond the

scope of the linear perturbation theory.
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Model description and limitations

In oder to study the trapping effect, a specific mechanical model has to be considered,

Following Gao and Rice (1988), the present model is a half-plane tensile crack with an

arbitrarily shaped but symmetric and periodic crackfront in an clastic mediutm. "The non.

straightness of a crackfront could be ascribed to the trapping effect of periodic second-

phase inclusions. Thus, by having the capability to evaluate the SlF values along a non.

straight ctackfront, investigation of the accuracy of the rst order perturbation results as

well as crack growth simulations could be performed. However, theme am several

Umitations to the present mcdcl. For example, the half-plue crack idealization applies to

finite-sized cracks only when the cracks are long compared to the micro-mechanical length

paammetrrs (such as second-phase size and spacing). The model also assumes that the

elastic moduli of the inclusions are identical to those of the matrix. Sonx of the linitadons

in this study (such as periodicity of the crackfront) am due to a specific implementation of

the weight function theory while others (such as homogeneity of elastic properties) require

much more extensive numerical and/or theoretical developments to be overcome.

Mathematical formulation

In order to effectively model non-uniform 3-D crick growth of an initially straight-

edged semi-infinite planar crack, its elastic interaction with opening dislocation

distributions ahead of the initial crackfront is required. That is because by analytically

accounting for the inwraction othe initial crack surface with such dislocations, the half-
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infinite initial crack surface can be excluded from the discretization requirements in a

surface integral formulation of the problem. Fornunately, the interaction of a semi-infinite

planar crack with arbitay opening dislocations has been obtained by Rice (1985a).

Consequently, the mathematical formulation of the present model of a semi-infinite crack

with a wavy crackfront and the associated numerical method rely on equation (54) of Rice

(1985a) with an additional term (the applied load) added. Specifically, referring to the

coordinate system shown in figure 1, where y-O is the plane of the crack, and Oyy and

Auy am the tensile stress and crack opening in the y-direction respectively, we have:

Cy (x,O,z) a a(x,Oz) + K0

+ - Au y(x',z').dx'dz'()

2 1 (-v) 0 D

D - (x-x') 2 + (z-z:)0 (2)

where I, v are the shear modulus and Poisson's ratio respectively. The expression

0 yy is for the stress which a dislocation on x>O with the same opening Auy induces in an

infinite uncracked body, while KO is the amplitude of a macro-level applied cracktip stress

field. By assuming that the crackfront is symmetric (with respect to the x-axis) and periodic

(with a period 2L in the z-direction) and noting that Auy is non-zero only on the crack

surface, the integration region in equation (1) can be further reduced to a representative

sector. An example of a representative sector is shown shaded in figure 1. Denoting by

G(x,z;x',z') the kernel of the integrand in equation (1) the integral appearing in the equation

can be rewritten as:
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f G°(x,z;x',z').Au y(x',z').dx'dz' (3)

G(x,z;x',z') - X[G(x,z;x',z'+nL) + G(x,z;x',.z'+nL) l  (4)

In the above equations "2L" (see figure 1) is the period of the crackfront and "S" is a

representative sector. The kernel in the integral representation of the expression for eyy

(e.g. equation (57) of Rice (1985a)) is similarly treated to account for periodicity and

symmetry. Now, the crack surface is assumed to be traction free and hence cyyO on the

representative sector. The previous condition leads to the following singular integral

equation in Auy(XZ):
0° * K0

a 0(xO'Z).+ u G(xz;x',z').Au (x',z').dx'dz' +

2Xr (1-v) S rx

-0 (on S) (5)

Once Auy is determined on "S", the SIF at any point along the crAckfront can be

determined using plane strain asymptotic relations involving the opening Auy. In general,

equation (5) has to be numerically solved for each specific crackfront configuration. The

numerical method used to solve equation (5) will next be described.

Numerical Formulation

In order to solve (5) numerically, a representation of Auy on "S" has to be chosen.

Since the geometry of a representativt sector can widely vary, a piecewise description of

Auy would be most suitable. The surface "" (defined in (5)) is first divided into straight-
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edged triangular subregions forming a mesh. For example, figure 2 is a mesh of a

representative sector. A local coordinate system is then associated with each triangle and

functional variations in terms of the local coordinates are chosen and are multiplied by

parameters to be determined by approximately satisfying the governing equation (5).

Following Boundary Element terminology, specific functional variations with the

corresponding parameters when associated with a particular triangular region will be called

an element. Two types of elements have been used in the case studies to follow, and will tx

referred to as normal and crackfront elements. The normal elements have a linear variation

of opening. Consequently, each normal element used contributes three unknown

parameters to the representation of Auy over "S". The crackfront elements have a linear

multiplied by a square-root opening variation and arm used whenever an element has an

edge or vertex lying along a crackfront. The use of crackfront elements incorporate the

asymptotic functional variation of crack-opening near a crackfronL Again, each cackfront

element used contributes three unknown parameters to the representation of Auy over "S".

it is to be noted that the representation chosen allows Auy to be discontinuous along the

edges of triangles. The elements in such a representation are described in Finite and

Boundary element analysis as being incompatible. However, incompatible elements have

been extensively and successfully used in Boundary Element analysis (e.g. Brebbia

(1984)).

Once a discrete representation of Auy has been specified, the parameters corresponding

to the ampliwdes of the functional variation within each element have to be determined. In

order to approximately satisfy the governing equation (5), the equality is enforced (apart

from numerical errors) at Gaussian integration points of order 3 within each triangle
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(Specifically those points in a triangle having area coordinates a permutation of

(1/6,1/6,213)). This method of apptoximation is called a collocation procedure. Moreover,

the method of representation and approximation described above could be classified as a

Boundary Element method with a highly specialized fundamental solution. Thus the current

method will be referred to as a Boundary Element Method (BEM). Some of the. difficulties

involved lie in the implementation of this BEM are in evaluating the infinite sum in (4) and

in evaluating the singular integrals required in equation (5) and will next be discussed.

A closed form of the summation of (4) is difficult to obtain. The direct alternative of

summing a large number of terms would be highly inefficient since the evaluation of

G*(x,z;x',z') is repeatedly needed to obtain the integrals in (5) numerically. The first few

terms in an asymptotic expansion of the error in evaluating (4) from -N to N can be shown

to be expressible as a power series in "I/I. This makes the use of Richardson's

extrapolation appropriate (e.g. see Bender and Orszag (1978)). The accuracy of

implementing Richardson's extrapolation to obtain G* in (4) is numerically verified by

comparing with the direct alternative method of obtaining ("* (i.e. summing a large number

of terms in (4)). The next difficulty to be addressed is the evaluation of singular integrals.

Two types of singular integrals am involved in (5). The first becomes evident once an

integral representation for cOyy is chosen. The other is present in G*(x,z;x',z') and occurs

in the kerel of equation (1), namely:

D[arCtanD (6)

The expression (6) can be shown to be bounded as (x,y)-(x,y'), and that the only
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singularity is along x-O with ix' type behavior. The numerical evaluation of an integral

representation of OOyy follows that given by Fares and Li (1988). The numerical evaluation

of integrals with singular kernels of the type given in (6) can be alleviated by using the

transformations:

t - (z'.z) / (x'+x) (7a)

r a - (7b)

The transformation of coordinates (7) (with the impied Jacobean) removes the

singularity and smoothes the integrand for a wide range of functional variations of Auy.

After using (7), integrals with kernels of type (6) can be numerically evaluated using

quadrature formulas (assuming x*).

Once this BEM is implemented, it is numerically verified that a uniform translation of

the crackfront gives SIF along the shifted crackfront equal (within a small tolerance) to the

applied SIF. This is the only verification case problem in which the exact SIF variation is

known. However, approximate crackfront SIF of a wavy crakfront are available which are

obtained from a first order theory (Rice (1985b)). Comparisons with the frst order results

as well as other SIF solutions of non-straight crackfronts will next be presented.

Case Studies

Three case studies will be discussed. The first is a comparison of first order theory

(Rice (1985b)) with BEM results of SIF along a sinusoidal crackfront. The second is an

evaluation of SI. along crackfrtnit obtained fi rn crack growth simulations based on the

IL-iear perturbation theory. The last is a crck growth simulation using the BEM.
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i) sinusoidAl crackfront

Referring to figure 1, consider a crackfront where:

a(z) - A.[I + cos(nz/L)] + ao (8)

The SIF variation along such a crackfront due to an applied macro-level cracktip stress

field of amplitude KO which is correct to first order in (A/2L) is given as (Rice (1985b)):

KI/KO - I - (xA/2L).cos(xzJL) (9)

The discretization of a representative sector of a crackfront of form (8) where.

(A/2L)=-1.0 is shown in figure 2. The number of straight-line segments (edges of triangular

elements) discretizing the crackfront are chosen as a fixed fraction of the local radius of

curvature. The parameters controlling the accuracy of the numerical integrations and infinite

sums extrapolation are chosen so that the errors in SIF along a straight c.rafront are less

than 0.01%. In the other case studies, this tolerance value is increased to 0.1%. In

addition, extra care in the meshing procedure was taken with the sinusoidal crackfronts in

order to gain experience in the use of the method. Specifically the S1F results of a given

mesh are considered acceptable only when the maximum discontinuity in SIF values at

coincident edges of adjacent triangles lying along the crackfront is less than %. Otherwise

a finer mesh is chosen. A comparison of BEM with !he frust order results for sinusoidal

crackfronts will next be discussed.

A comparison of AKI/KO-(KI-KO)/K° versus A/2L at the leading (z-0) and lagging

(z=L) edges of the crackfront are shown in figures 3a and 3b respectively. At small values

of A2L (A/2L<0.1), the first order and BEM results agree closely (errors at the leading and

lagging edges when A/2L=0. I ae around 7% and.5% respectively). This agreement could
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be considered as further verification of the BEM. The comparisons in figure 3a and 3b also

show that the errors in the first order results are tolerable up to A/2L-0.2 where the errors

at the leading and lagging edges arm around 21% and 19% respectively. Note that (unlike

the first order results) the BEM predicts that the SIF at the leading edge never goes negative

(AKI/KO>-1) as is intuitively expected of a crack loaded in tension. A further comparison

of KI/K0 versus z/L (position along the crackfront) is shown in figure 4 at A/2L-0.2, 0.5

and 1.0. It is interesting to note the qualitative change in the variation of SIF along the

crackfront at successively larger values of A.12L. It appears that the part of the crackfront at

which the SIF goes beyond KO localizes at a successively narrower region near the lagging

edge of the crackfront.

ii) First order crack growth profiles

In the next two cases, crack growth simulaions through or around a periodic array of

circular obstacles (figure 5) arm studied. The ratio H(L in figure 5 equals 0.5 in both of the

next two case studies. Defining the matrix and particle toughness by Kc and Kcp

respectively, a particular linear perturbation simulation (Gao and Rice (1988)) assumed

Kcp/Kc- 4. They use the "visco-plastic" crack growth model:

aa(zt) p(KI-K.) Ki>Kc (or KCP when the crack is in the particle)

X 0 otherwise

(10)

where "t" is a time parameter, p is a "viscosity" coefficient of the system and KI is the

SIF value at points along the crackfront. The dctails of the numerical implementation of the
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crack growth studies using the linear perturbation theory am discussed in Gao and Rice

(1988). Essentially, by making p large enough, they simulate growth at KI-Kc. Crack

growth prorides at various KO/Kc values from Gao and Rice's simulations are shown in

figure 6. These crackfront configurations are then discretized and the SEF along the

crackfronts are determined using the BEM. A typical mesh used in these discretizations is

shown in figure 7 and corresponds to the curve with KO/Kc-2.4 in figure 6.

The SEF along the crackfronts shown in figure 6 as determined by the BEM am shown

in figure 8. In order to mor easily discuss the results of figure 8, the crackfront will be

divided into two parts. The pan which touches the particle will be called CFtrp and that

which doesn't will be called CFpen. The linear perturbation results would predict that

KIKc- I along CFpen and that when KO/Kc-2.5 then KI/Kc-4 along CFtrap. The BEM

results show that the linea perturbation predictions are convt only for the first profile

(KOic-1.3). At subsequent profiles, the linear perturbation theory underestimates KI/Kc

along CFpen . In addition, when KO/Kc-2.5, the linear perturbation results overestimate

KI/Kc along CFt. Both the previous observations would imply that crack growth would

have to proceed deeper into the matrix before particle rupture occurs. This observation is

borne out in the next simulation.

H) Crack Growth Simulation using BEM

The last case study performs a crack growth simulation using the BEM. In these

simulations, the "visco-plastic" crack growth model (equation (10)) will again be used but

with the following modifications. First, da(zt) will be replaced by da*(s,t) where "s" is the

arc length along the crackfront and da* is an increment of crack advance measured in the
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direction normal to the cruckfront. This modification is necessary since a(z,t) would be

multi-valued when the crackfront wraps around the obstacles. Finally, in order to force the

crackfront to wrap around instead of breaking the obstacles, Kcp/Kc will be allowed to be

as large as necessary. Forunately, the simulations show that the obstacle toughness Kcp

needs only to satisfy KcI;.3.52K c for the obstacles to remain unpenetrated as the

protruding crack fronts begin to unstably grow towards one another and surround the

obstacles. Some of the implementation details of the crack growth simulation will next be

described.

The crack growth simulations require forming a new mesh (re-meshing) whenever the

crack advances. The procedure for crack growth is therefore as follows. The SIF along the

current crackfront is obtained usinS the BEM. Based on the SIF values a new crackfront is

calculated. Re-meshing is performed with the new cackfront which is consequently

considered as being the current one. Thereupon, the cycle of BEM analysis and crack

growth is repeated. The time step taken in equation (10) while growing the crack is

periodically readjusted to satisfy the following constraint. The maximum deviation of

KIIK c from I along Cpen should not exceed ±6%. When the constraint is violated, the

time step increment is decreased. When the constraint is again satisfied, larger time steps

are again taken. Sample crackfront profiles from the crack growth simulations which

satisfy the above-mentioned constraint are shown in figure 10. Further remarks on crack

trapping and the deductions that can be made from figure 10 will next be discussed.

The toughening effect of crack trapping will be defined as the maximum of KO/Kc that

is to be appUed in order to move the crackfront ahead of the first array of obstacles

12



(particles) lying parallel to the crackfront. The crackfrnt can move in such a way as to

either break the obstacles or circumvent them by surrounding them.

When the panicles break, then the value of KO/Kc at breakthrough is the net toughening

achieved by introducing the particles or second phase inclusions. The simulation shown in

figure 10 gives lower bounds (since the particles' toughness is not fully mobilized) on the

net toughening when Kcp/Kc<3.52 with HI/-0.5. An upper bound is obtained from the

rule of mixtures (Rose (1987b)), and the exact level depends on the shape of the particles

as discussed in Gao and Rice (1988). For example, based on the first curve values of

KO/Kc and Kmax/Kc (the maximum SIF acting on the particle), an upper and lower bound

for the net toughness when Kcp/Kc - 1.77 is 1.44 and 1.30 respectively.

When the obstacles are circumvented, the particles form bridges and lead to the

bridging effect discussed in the introduction. The net toughening achieved in this case is

due to both the bridging and the crack trapping effect. Accordingly, figure 10 suggests that

at least the frst amy of obstacles might be circumvented when Kcp/KC3.52 (with

H/L.0.5) and that the crack trapping toughening contribution is then KO/Kc2.35. The

actual K"c/Kc value required to circumvent the first amy of obstacles with a realistic

loading situation depends on the location of the next array of obstacles. That is because

with a realistic loading situation, there would be no way to suddenly reduce KoWKc from

2.35 after the pnetrating crack segments began to join unstably with one another. For

example, if the crack front is considered retrpped at the most advanced configuration

shown in figure 10, and KoIKc remains at 2.35, then a lower bound on the KcpKc

required to circumvent the first array of obstacles is 3.64 (i.e. 2.35x3.02/1.95). In any
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case, the crack trapping toughening contribution is independent of Kc9Kc when

KcpIc3.52 (i.e. irrespective of whether the fist array of obstacles arc circumvented).

However, the toughening contribution of crack trapping would depend on H- and in a

mom general situation on obstacle elastic moduli, shape and configuration within the brittle

matrix. Further case studies have to be performed in order to determine the dependence of

the crack trapping toughening contribution on H/I ((I-HiL) is the ratio of particle size to

particle spacing).

Conclusion

A BEM was formulated and implemented for the case of a semi-infinite crack having a

wavy crackfront. Using the BEM, the linear perturbation theory of wavy cr-ckfronts was

evaluated in two case studies. In general, the linear perurbation theory unetimates the

SIF along the lagging put of a crackrnt and overestimates them along the leading part. In

the case of a sinusoidal crackfront, the linear perturbation theory gives acceptable

agreement with the BEM when the amplitude to wavelength ratio is less than around 0.2. A

crack growth simulation around obstacles using the BEM yields lower bounds on the

toughness of the matrix-particles system when a crackfront breaks through the

particles.The simzlation 2lso gives the toughening contribution of crack trapping when the

particle to matrix toughness is above a critical ratio allowing the crackfront to circumvent

the obstacles by surrounding them. Further studies have to be carried out in order to

quantify the effect of particle size to spacing on crack trapping.
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Figure Captions

Figure I shows a wavy crackfront of the type analyzed using the BEM. Only a
rpesentative sector (shown shaded) needs to be discretized.

Figure 2 shows a mesh of a representative sector whose crackfront shape is sinusoidal with
the amplitude to wavelength ratio being 1.0.

Figure 3a,b: &I/K ° (the normalized difference between the actual and the macro Stress
Intensity Factor) versus A/2L (half the crackfront amplitude divided by crackfront
wavelength) as determined by both the lincar perturbation theory and the present
Boundary Element Method. a) and b) show these comparisons at the leading and
lagging tips of the crackfront respectively.

Figure 4: The normalized Stress Intensity Factor versus the location along the crackfront as
determie by both the linear perturbation theory and the present Boundary Element
-Method at various amplitude to wavelength rmao.

Figure 5: An advancing crackfront encountering an amy of obstacles is trapped thus
causing the crackfront to have a wavy shape.

Figure 6: The crack growth profiles based on the linear perturbation theory are shown with

the corresponding macro normalized stress intensity factor (K°/Kc) required to reach
that profile.

Figure 7: A typical mesh used to discretize the crack growth profides based on the linear
perturbation theory shown in figure 6.

Figure 8: The Suess Intensity Factor along the crack growth profiles shown in figure 6 as
determined by the Boundary Element Method discussed in the text.

Figure 9: A typical mesh used to discrctize the crack growth profides based on a full
numerical simulation using the Boundary Element Method discussed in the text.
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Figure 10: Crack growth profiles based on a full numerical simulation ame shown with the
corresponding macro normalized stress intensity factor (K0/Kc) required to reach that
profile as well as the associated normalizcd maximum stress intensity factor (K xK)
along the particle.
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Linear Perturbation Crack Growth Profiles
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SYMBOLS. DEFINITIONS AND UNITS a sites$ IN~)

0 terml a~utit j* ')a, tensule )icldifracturt ititrigih (MPa)
at ctkhaf-egt ()V Poisson's ratao(-

8. C diesols conitant t-)eicusigt~sreghc a

C.lctironic spcbeat i ilg K)
C, ,ictsrc Okt t oost~n rI. INTRODUCTION: MATERIAL PROPERTY

. 41, contst olumc IUk; K) CHARTS
E 'us (cps)

El l (GPA) Each property or an enginerng material has a
E t .. Ius (GP31 characteristic range or values. The range is enormous:
F I or the ten properties considered herec-proprtes
G 11 (OPAI) sufc nr such at modulus. toughness. thermal conductivity-

an-,. a~aei rctr all but one ranges through roughly S decades.
h heat iranv~lr coefficient (1iml K) reflctiing the diversity in the atomic mechanisms
k Bolizmann's cornstant (ujK) which determine ihe value of the property.
K bulk modulus (Glia) It is conventional to classify the solids themselves
Ak fracture toughness (NI Pa ml inotesxbodcass hw nFg)-eas

I mean free path tin) inotmesx brades ceacsglasses andni Fg omls
4, atom size (in) o7nr.tstmr.crmc.gaes nd o-
R radius or pressure vessel (ml) posates. Within a class the range or properties is
S bond si'ltness Km)n narrower, and the underlying mechanisrvi rewc.r. But

I thickness or sectin im) classifications of this sort have their dangers. notably
T icmpefirature (K)
T. melting point (K) those or narrowing vision and of obscuring relation-

Selastic wave %elocity (mol ships. Here we aim at a broad review of engineering
a linear expansion coefficient (K") materials, examining the relationships between the
q damping coefficient I- properties of all six classes.

sufae energy (Jim')
70 Grunciseni's constant (3One way or doing this is by constructing Maerial
A thermal conductivity tWimKJ Properia' Chart's. The idea is illustrated by Fig. 2. One
P density (igin') property (the modulus. E. in this case) is plotted

1 273
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added. The speed of sound in a solid depends on the
modulus. E. and the density. p; the longitudinal wave

METALLS speed r. for instance. is

r m tial

POLYNEts CE;IasrCS or Itaking logs)

COMP0SES . log E log p + 21og, lbi

I-or .' fixed value otr. this equation plots as a stright
line or slope I on Pip. 2, This alla. ut to add
contours oft iuantll sournd rtut ov to the chart thc
arc the family or par.tllcl di.tgonil lines. linking
materials in ,%hich sound iravels %tith the same
velocity. All the charts allow additional fundamental
relationships of this sort to be d1spl.tAed

rij. 1. The menu or cnginctring materials Each class has At the more applied end of the spectrum. the charts
pioperties Ahikh ,cupy a particular part (or "ield" of the help in materials selcction in engineering design. The
,Materials Property Charts. which are the central fature of performance, in in engincerng sense. of oad.bearing

this paper components is seldom limited by a single property but

hy one or more combinations otthem, The lightest tie
against anothcr (the density. t i on Iogartithlc scales. rod which ktill carry a gten tcnsile load uithout
The range t the s:ees is chosen to include all ma. exceeding a given deilection is that %itlt the grrewttt
terials. tromt the lightot. flimsist foanis to the stIurcst. ,alue or E.p. The I gihtcit column '%I ch will support
heaviest metals. It is round that data for a given class a given compressive load without buckling is that
of materials (polymers, for example) cluster together with the greatest value or E' 'p. The lightest panel
on the chart: the jubronse associated with one mate. which will support a given pressure with minimum
nal class is. in all cases. much smaller than the fil deflection is that with the greatest value of E' ' p
range or that property. Data for one class can be Figure 3 shows how the chart can be used to select
enclosed in a proprty-cnvclope. -s shown in Fig. 2. materials which maximise any one of these com.
The envelope is constructed to enclose all members or binations (I). The condition
the class. E

All this is simple enough-no more than a way or - u C (2a)
displaying properties in a helpful way. But by choos. P

ing the axes and scales appropriately, more can be or. taking logs

log E w logp + log C t2b)

_ MODULUS- OENSiTY

MIODULUS - ENSITYI J
0o. WAR"

Ate,

D014 " ISto~ Knrxoo0 0

DENSITY, p (Mg/n 1 ) oe.,-, s/ l sr- ~s -,,.-tO
Fig. 2. The idea or a Matenals Property Chari; Youngs DENSITY, p (Mg/rnt)
modulus. E. is plotied agains the density. p. on log scales.
Each class ot n',terial occupies a characteritic part or ihe Fig. 3 The same diagram as Fig 2 but shov, ing guide lines
chart The tog scales -,flow the longitudinal elastic ware ror selecting materials tor minimum teight design B3c.ause
.eloeiiy i -(E,ij)I to he plotted as a sci ot parallel ot the logl scales the lines are siraight even though ihey'

contours describe non.linear relttionships betee~cn the properties
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is a ramily ofstraight lines orsiope I. one line for each a ranle of values for each property or each material.
value of the constant C. The condition Sometimes the range is narrow: the modulus of a

.. M C )metal. for instance. vanes by only a few percent about
its mean 'alue. Sometimes it is wide: the strength or

gives a family %ith slope 2; and a ceramic can vary by a factor or 100 or more The
6' reasons for the range or values vary heat treatment

S- C t43 and mechanical working have a profound cirect on
it yield strength. damping and toughness of metals.

gives another %ct %ith slope 3. One member of each Crystallinity and degree of cross.hnking greatly
family is shown on Fig. 3. labelled "Guide Lines for iniluence the modulus of polymers. Grain size and
Material Selection" The others are found by trans. porosity change considerably the fracture strength of
lating the appropriate guide line stdcwa)s ceramics. And so on These xtrittiture .irnhtia prop-

It is now easy to read oiT the t.ubset of materials atcs appear as elongated balloons within the en-
which arc optimal ror each loading geometry. If a velopcs on the charts. A balloon encloses a typical
stralght-edge is l.id parallel to the El p - Cline, all range for the value of the property for a single
the materials which lie on the line %ill perform material Envelopes (hcawier lines) enclose the 'bal.
equally well as a light column loaded in compression; loons for a class.
those above the line arc better thcy can withstand The framework of this study is one ol maxin um
grcater loads). thove below. worse. If the straight, breadth at relatively low prctision. In this context. a
edge is translated towards the top left corner or the number of approximations are possible: that the
diagram while retaining the same slope, the choice shear modulus is roughly 3 3 E. that the hardness is
narrows. At any given position or the edge. two roughly 3a, (where a, is the )icld strcngthl. that the
miateriils which lie on it arc equally good, and only two specific heats C and C. ate ifor solidsi equal, and
those which remain above are better. The same so forth. This allows us to deal with one modulus
proccdure. applied to the tie (E,p) or plate in bending tYoung's. one %ave velocity tthe longitudinal. and
(' pl. lead to dilacrent equivalences and optimal so on; the others are proportional to the one dis.
subsets ofmaterials.There are numerous such crttern cussed here, and relationships, ranges and phsteal
for optimal materials selclton. some of which are origins are the same.
summarised in Fig. 4. All of these appear on one or Now to the data sources themselves, First, there
another of the charts described below, are the standard handbooks: Vie American InstitUte

Among the mechanical and thermal properties, of Physics Handbook (21: the Handbook of Physics and
there are 10 which are of primary importance, both Chenestry (3): the Landolt-Bornstein Tables (4); the
in characterising the material, and in engineering Materials Engineering "Materials Sdctor" (5) and
design. They arc listed in Table I they include the Fulner .faterials Opimuier (6]. More specialised
density, modulus, strength. toughrss. thermal con. data can be found in the compilations by Simmons
ductivity. diffusivity and expansion. The charts dis- and Wang [7) ror moduli. Lazan (8) (or damping,
play data for these properties for the 9 classes of Frost and Ashby (9) and the Atlas ol Creep and
maenals listed in Table 2. The class-list is expanded Stress Rupture Curves (101 for strength at tempera-
from the original 6 by distinguishing engineering ture. and in the major .;ercnce texts on specific
composites from foams and from woods though all, in matenals such as the ASM Metals lanlboaks (I I]
the most general sense. are composites: and by dis. and Smithells 121 for metals, the lHandbook ol'Glass
tinguishing the high.strcngth engineering cerantics Properties by Bansal and Dorcmus 1131 for glasses.
(like silicon carbide) from the low strength. porous the llandhok of Plttics ad Elastoners 114). the
ceraonis (like brick). Within each class, data are International Plastics Selector (151. the Plastics Tech.
plotted (or a representative set of materials, chosen nology Handbook of Chanda and Roy (16). and the
both to span the full range of behaviour for the class. Handbook of Elastomers or Bhowmick and Stephens,
and to include the most common and most widely (171 for polymers, the Handbook of Physical Con.
used members or it. In this way the envelope for a stants 1181 for rocks and minerals. Creyke et at, 1191
class encloses data not only for the materials listed in and Morrell 120) for ceramics. Composites (211 and
Table 2. but for %irtually all other members of the the Engineering Gide to Conposaite Materials (221 for
class as well. composites. Dinwoodic (23) for wood and wood

products and Gibson and Ashby (241 for foams.
2. DATA AND DATA SOURCES Much of the data (particularly those for moduli.

strength, toughness and thermal conductivity) arc
The data plotted on the charts shown below have denved from scientific journals and conference pro.

been assembled over several years from a wide variety ccedings. and from manufacturers data sheets for
of sources. As far as possible. the data have been their products.
raldated; cross.checke. iy comparing values from We now introduce charts which display the 10
more than one source. any. 'hey have been examined properties and allow useful relationships between
for consistency with physica, "ales. The charts show them to be explored.
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Table I - asic subset of matinal properties 3. THENIATERIAL-PROPERTY DIAGRAMS
Property Units
Denitty. p 4'-IM') 3,1t The mrodulus-4ins::y chart (Chat 1. Fig. S)
Younip modulus. E (OPal
Strength. 4. tMPI) Modulus and density arc among the most self.
Fracture toughness, AI, IMPA m', evicdent or mtrial~ prpris Stee is used for MtIT
Toughness. G 1)Mcab-ms; rubber fr compliant cushions. The density of
Dampinj;eoeAiccnI. q (-1
Thermal canduciii~sy. 4 tW inKi lead makes it good for sinkers: thiat of cork makes it
Thermal diiTuti%iiV. 4 tin3 si good r gloats, Figure 5 shows the full range of
Volume specific heas. Cs OWnt KI Young's modulus, . and density. p. for nigincenng
Thermal expansion cociictent. I tliKi Materials.

Table 2. Material clssses and members of each class
E'sillecesni UI10as Aluminium a3110)5 Al alloys
Mch metals and allokyi of crngincengil Lead allovs Lead alloys

hMainericun alloys Ms allays
Nicke lly .141) 3i 110)6
Steel$ Steel$
Tin 3!10)5 Tin 3ll0ys
Tianium alloys Ti alloys
Zinc 105n alloys U1ly

Enisoerrnc 10)?"rs Epoxies EP
(The thermoplasnics and thermosets of Melamines MEL
engineerinig) Polyv-ubonatc PC

PoI)wsirs PEST
PoI)eih)lcnc. high density hODPE
Iotycthylenic. low density LDPE
Polyforinaldehyde PF
Polymeihylineihacrylate PMNIA
Polypropylene rp
Polytittrafluorethylenec PTFE
Poly~inylchloride PVC

Enitimetmq ceransics Alumina AII,
(Fine ceramics capable of load-beaning Diamond C
.application) Sialons Sialons

Silicon carbide sic
Silicon nitride iN
Zirconia ZrO,

&ginaln* ....u. ~ Cmban fibre rcinfoiced polymer CFRP
~Tbc cmposit s n-eringp.c. e Glass fibre reinforced pol)mer GFRP

A distinction is d,... '.sce the properties Kc~lar fibre reinforced polymer KFRP
2f A ply-"Uniply"-and of! la1minte-
"Liminates")

Porous cdramites Brick Brick
(Traditional ceramics. cements, rocks and Cement C.-ment
minerals) Common rocks Rocks

Concrete Concrete
Porcelain Pcln
Pottery Pot

Glaije Borosilicate glass B-glass
(Ordinary silicate glass) Soda glass Na-Zlass

Silica Sio,
i$'aodir Ash Ash
(Separate cn%elopcs describe properties parallel to Balsa Balms
the grain and normal to it. and wood products) Fir F-1r

Oak Oak
Pine Pine
Wood products (lily. etc) Wood products

Elasloets Natural rubber Rubber
(Natural and artificial rubbers) Hard butyl rubber Hard butyl

Polyurelhancs PU
Silicone rubber Silicor.
Soft butyl rubber Soft but)l

Pob) nice foamu These include:
(Foamed polymers of enginerng) Cork Cork

Polyester PEST
Polystyrene PS
Polyurethane PU
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0"00. 0. 10 I 3

DENSITY, p (MTgrL))

Fig. S. Chart I: Youngs modulus. E. plotted aglainst densiy. p. The heavy envelopes enclose data for
a gliven cla=ss of" material. The diagonal contours show she longitudinal wave velocity. The guide lines
or" constant Eip, E' /p and L' lp allow selection of" materials for minimum weight. detlcciion.himzted,

design.

Data fr members of'a particular class of" material fraction of 0.74: open netw:orks, typified by the
cluster togethe:r and can be enclosed by an envelope diamond-cubic structure. give about 0.34. The spread
(heavy line). The samc classenvclopes appear on all of" density comes f'rom that of dtomic weight, from I
the diagrams: they correspond to the main headings ror hydrogen to 207 ror lead. Metals arc dense
in Tablc 2. The members of" a class were chosen to because they are made of heavy atoms, packed more
span the full propersy.range of that class, so the or less closely: polymers have low densities becausc
class-cnvelopes enclose data not only for the mem- they arc made of" light atoms in a lancar. 2 or
bers listed in Table 2. but for other unlisted members 3.dimcnsional network. Ceramics, for the most part,
also, have lower densities than metals because they contain

What determines the density of" a solid? At its light 0, N or C atoms. Even the lightest atoms,
I simplest, it depends on three factors: the (mean) packed in the most open way, give solids with a

atomic weight of" its atoms or ions, their (mean) density of' around I Mg/m'. Materials with lower
size, and the way they are packed. The size of" densities than this are foams, contai|ning substantitil
atoms does not vary much: most have a volume pore space.
within a factor of two of" 2 x l0"'m' . Packing The niodu/i of most materials depend on two
f'ractions do not vary much either-a factor of factors: bond stiffness, and the density of' bonds
two, more or less: close.packing gives a packing per unit area. A bond is like a spnng: it can be
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characteriscd by a spring constant. S (units; Nim). SOmis (soft €lastomers) to a little more than l0' mis
Young's modulus. F. is toughly (fine ceramics), Wc note that aluminium and glass.

bec.iuse or their low densities. trnsmit w-ales quickly
E,- 0l despie their low modulh. One might hav escpx tcd

the sound velocity in foams to be low beause of the
vkhere r. is the atom siz€ Jr" is the tunain) atomic or low modulus. hut the low denity almost cinipn.
tonic 'olumel. The %idc rangc of moduli is largely 34tcs That in wood. acoss tIhc gmrn. it low. but
caused by the range of alue orS The covalent bond along the grain. it is high-roughly the ime as
is stift (S n 20-200 Nml; the metallic and the ionic stccl-a fact made use or in the desion o musical
a little less so IS - 15-100 N ml Diamond has a very instruments.
high modulus because the carbon atom is small The diagram helps in the nommon probmem or
(giving a high bond densityl and its atoms are linked material selection kir applications in which %,eight
by very strong bonds (S - 200N m) Metals have must be nsmnmtsed Guide lines corrcsponding to
high moduli because closcpacking gives a high bond three common geometries of loading are drawn on
density and the bonds arc strong. Polymers contain the diagram. They are used in the way described in
both strong covalent bonds and weak hydrogen or Section I to selet maternils for 1.istiw desgn at
Van.dcr.Waals bonds (S - 0.--2 N m); a is the wcak minimum weAight.
bonds which stretch when the polymer is detormed. 3.2. Tle stren~thdensur c'ar: ichsre . Fix. 6)
giving low moduli. "c

But cven lirge atoms (rvn 3 x 10 ' m) bonded The modulus ota solid is a well.dcfined quantity
with wczk bonds (S = 053 N ml have a modulus of with a sharp value. The strength is not.
roughly The word "strength" needs definition For metals

O. and polymers it is the t'dld .irenith. but since the
E 0 3 x I GPa. (1 range of materials inciudes those which have been

worked, the range spans initial )icld to ultimate
This is the laI'er hinit for true solids. The chart shows strength; tor most practical purposes it is the same in
that many materials have moduli that arc louer than tension and compression. For brittle ceramics. it is
this: they arc either elastomers, or toams-materials the criLlhlng itrcn :th in compression. not that in

made up of cells with a large fraction or pore space. tension which is about 15 times smaller; the envelopes
Elastomcrs have a low E because the weak secondary for brittle materials are shown as broken lines as
bonds have melted (their glass temperature is below a reminder or this. For elastomers, strength means
room temperature) leaving only the very weak the tear.strength. For composites. it is the tensile
"entropic" restoring torce associated with tangled. failure strength (the compressive strength can be less.
long.chain molecules: and foams have low moduli because o fibre buckling).
because the cell walls bend (allowing large displace. Figure 6 shows these strengths, for which we will
ments) when the material is loaded, use the symbol a, (despite the different failure

The chart shows that the modulus of engineering mechanisms involved), plotted against density. p.
materials spans 5 decades,t from 0.01 GPa (low The considerable vertical extension ot the strength.
density roams) to 1000 GPa (diamond): the density balloon for an individual material reflects its wide
spans a tactor or 2000. from less than 0.1 to range, caused by degree otalloying, work hardening,
20 Mgfmi. At the level o approximation o interest grain size. porosity and so torth. As beore. members
here (that required to reveal the relationship between o a class group together and can be enclosed in an
the properties o materials classes) we may approxi, envelope (heavy line). Each occupies at characteristic
mate the shear modulus, G. by 3E18 and the bulk area o the chart, and, broadly speaking, encom.
modulus. K. by E. for all materials except elastomers passes not only :he materials listed in Table 2, but
(tor which G - E3 and K > £). most other members o the class also.

The log-scales allow more intormation to be dis. The range or strength for engineering materials.
played. The velocity or elastic waves in a material, like that ot:he modulus, spans about 5 decades. from
and the natural vibration frequencics o'a component less than 0.1 Ma (foams. used in packaging and
made o it. arc proportional to (E,p)' -. the quantity energy-absorbang systems) to 10' MPa (the strength
(Eop) - itseltis the velocity o longitudinal waves in of diamond, exploited in the diamond.anil press),
a thin rod of the material, Contours o constant The single most important concept in understanding
(E,'p)' arc plotted on the Chart. labelled with the this wide range is that o the lattice resistance or
longitudinal wave speed: it varies fron less than Peserls stres: the intrinsic resistan-e of the structure

to plastic shear. Metals are soft and ceramics hard
tVery low density foams and gels (which can be thought o because the non.localised metallic bond does little to

as molecular.scale fluid filled roams) can have moduli far prevent dislocation motion, whereas the more Io.
tower ihan this As an example. gelatin (as in Jello) has
A modulus o about 5 x 10" GPa. Their strengths and calised covalent and ionic bonds at the ceramic
fracture toughness to. ian be below the lower limit o (vhich must be broken and retormed when the
the charts, structure is sheared) lock the dislocations in place. In
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nearest neishbours) arc not broken wh-n the struc. Consider first the question of the nittrsarr i.)n'
lurc is shearcd. The mtalic bond.and Ih tonuc bond lawn t.r lracturr It as that sufltent ctcrnal work
for C,:ftain directions of shear. arc like this. vfy pure be done. ,:r 0dasti,: encrl released, to supply the true
mcfalt. to- trample. )IId it trtcs at l., w at surfl,, cnctry ,-2 per unit areal of the 1%o new
E 1l0.0X0.i..J strcngth n ng mo;1%anisnM sce.tion IuIta..es Uhith Are :CreatCd \ We wtite 1h At
3. re n1 arc I to raise the strcnth. The coAlcnt
bond u lot;ged and covalent whds do. rfo r j

this reAson. have )reid strength which. at low whcre t; it the energy elcse-rate Usn the standard
temperatures are as high as E 10 It Is hard to rWlton K beweenc G ord Ircss ttntV A.
measure them ithoush it can sometimes be dont h e find
ndcntaon because or the second rcason rot weak.

ness. they Seneraly contai detcts-concentrators , t2E' 1 it'i

stress-from which shear or (ratcur %an propaate. ,w the surt',. cnrtmics. ;. o f Wid mawewlc le
o'(icn at stresses well below the ideal" III l an.
tocri re anomalous tthcy have strngths or about a ther nmiuhre to an atmue pi% i llon

E) becaitsC the modulus does not deriv from Kind. ,,Er. 20. wher r. is the atom site. Ining

,tcthirnt. but from the ,l2nte in cntropy or the
tantlcd molecular thains when the matcrial aS i sr
dtforncd.

In the design ofcolumns and btems, the ratto o, E We utantif)' the right.hand side or this equation with
often appeart. Structures which hate a high value of 1 o cr.hmiting valut of K,. when. taking r aS
I. E will dMflet or bukle efWore theq )tcld. thos Z w I ' m.
withlowo, Edo theopposite. The bcitmatcali ror Ig, ,I [, ]m
an elaitic hinre ta thin web or hgament that bends mm 'm
clastically. forming the hinge of a box or containcr. k I
ror camplcl are those with the maximum value of This cnitrion is plotted on the chart as ; %hadcd.
v, E: the diagram immediately tdentifics thiem as diagonal band near the lower right corner tihe width
elastomcrs and certain olymers tithe pol)eth)lnes. of the band reflots ; realistic ranp of r, and ol' the
for examplel. constant C in - - Er, C). It defines a la'cr Ihist on

Finally. to return to springs, The best material for values of K., it cannao: be less then this unless some
a spring is that with the greatest value of a, i other source oF cnergy tsuch as a chemical reaction.
(because it stores the most elastic energy per unit or the rclcas or elastic energy stored in the special
volume. ! :E, before it yiclds). A guide.lne cor- dislocation structures eaused by fatigue loading) is
responding to the condition available. when it is given a new symbol such as

Ct i,) We note that the most bnttle ceramics lie
- c close to the threshold: when they fracture, the energy

E absorbdA is only slightly morc than the surface
tenvty With ntals ard polymers the energy ab.

Is plotted on the diagram; it, or any line parallhl to it. sotbed by fiaurc is vastly greater, almost alw3)s
links materials that arc equally good by this crter.on. bemuse of pl ju:tdy associated with crack propa.
If such a line is drawn through the middle of i c Sition. We come to this in a moment. with the next
€lastomcrs. it just touches spnng steeL. Ceammw.' chart
must be rejected because they arc weaker. by the Plotted on FiS, 9 arc contours of tughnei. ;,. a
factor of I5. in tenision, but glss. which can be _1e measure of the apparent fracturc aurface.energy
defect.free, makes good springs. Slightly further to (Ok :t XKL E), The true suifacc energies. -'. of solidi
the right lie CFRP and GFRP All art good for lie in the range I0'a to IOtkJ'm. The diagram
springs, shows that the values of the toughness start at

10 kJim' and range through almost six decades*1. The fiacture toughnemmodulux chart (Chart J to 10UrkJm t , On this scale. ceramics are low
Fng. 9) (00 1-10 kJjm). much lower than polymers

The fracture toughnesses of most pol)mrs art less (10'-10 kJim:)-and this is part or the reason that
than those of most ceramics. Yet polymrs are widely design with polymers is easier than with ceramics
used in engineering structures, ceramics, because they This is not to say that engineering design relies purely
art "brittle". are treated with much more caution, on G,. it is more complicated than that When the
Figure 9 helps resolve this apparent anomaly It modulus is high. deflections are mal. Then designers
shows the fracture toughness. Ku. plotted against are concerned about the loads the structure C-an
Young's modulus. £. The restrictions descnbed in support. In load-limited design, the fracture tough-
Section 1.3 apply to the values of Kk.when small. ness. AK,, is what matters. it determines. for a given
they are well defined, when large. they are useful only crack length, the stress the structure can support.
as a ianking for material selection Experience shows that a value of Kk above about
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further progress in toughening them, and in new stress field at fthe crack at r - it, to the strength a, at
design methods which allow tar their brittleness in the material) by
tension.

That, at course, is still too simple. The next section -k.
adds further refinements.



ASH11Y- OVERVIEW ZNO. 50 121

1000ilf . I II- . . I. "&. FRACTURE K
TOUGH NESS*STR ENGT4 '1010

NCTAILS AND 11CtUr43SMYIC STKfNOfl40
CERAMICS AND GtLAW$S C0**ESrtT*V4TN

C04uOSIt TENSILE STACNOTI4 EN/yE-)J

JYIELD BEFORE *it - s
FRACTR / -

1'5LrMER OF P / o

dp OF -CRO

OF 1.g 'MN.d i
01t

RC . #- #

0.1 10 100 0 00 - J% %.
STEGHa;(4o

2i.1.Chr6 Faurto hns.A.pttd gantsrnt.o Tec tosshwheau oXW ~euhy h imtro h rcl~oea rc i uhs m.TegieInsocninXs~~~~~~~@,~~C an 1u r sda il~coebekadla~dr~ra Esg

an ihtesrntha rtcmtralwti t 0r 2~a h egho te lone, crc% ih
Figre O-tactre ougncs agins stengh- trutur, ad cis costat nar nit (w asum%

show tht te sze r te zoe. , (rokn lnes, beowtha C I) Th crA Sc h Ichwl utpo:
varis cormusly (rm aomicdimnsins ar vry atewhenthestrss qual th ~sld srenth a0
brutlcMA 0eaisadgasst lotImtetrtu lnt

mos dutl omeasAtacnatznEte
(Mytur togns tedst iceaewihstegt asa-- tl

exete) it1 isti htcasstedtapotdi
Fi. 1.0 AM becutrdaon h ignlo h htICtE ciia rc eghi h aea h

chart. process zne size: theRcoToUR ntE darm

Fi 1,C a6 Frct-iog s (ID) potdainthetrengh ar Th cnturs r or m teal se on n
Kk~. ndKk~o ae se i )dJb olving Ak and a. Frst smat dsin atagvnld



1256 ASIIY: OVERVIEW NO. 50

requires that the structure will jield bheiore It breaks. D A" I
Ifthe minimum detectable crack size is 2a then this - -I tan 4 - (13)

condition cnl be expressed as but %hen the damping is large. the definitions are no

Kit tI) longer cquivalent. Large q*s are best measured by
of ;a reording a symmetric load cycle and di~iding the

The safest matcrial is the one with the greatest value area or the stress-strain loop by 2- times the peak
of Ka a, it thl tolerate he longest cractl energy stored.

har it my n tI There are many inchaminis o[ intrinsic danpingthoush ,,are. it nv not he elli:nt The sc."titsn alnd h)Iwcrs,; .Sonc I111c "'damping" mn xh.lnrmaisi

requited to tarry the load d erciace as n, inercJs an hyts wih pm tlc "dha pig" i'pnth11n
We tant hish K& . und high . The reader may " lstwijt tkith I prKios,% is centred .ht a
wish to plot two hnes onto the ligur. isolating the conslant. then the tncrue los is tc-md ,hluutl

material which best wiaslies I it criteria at once- it chanistic fre sscItd ith tiic aaadcsis"

is steel, It is this %hich gi'es steel its pre.cmincnce as mechanisms,%) and aisorb cd n ath t re.md- ndcnt

the material (or highly stressed structures when One amind mechanismorb nerg, a t all I mqucnocs
,.%,igh is ot mporantOne damping mechanism. common to all ma.w tlht iS not important

One such structure is thse p visel tfcm terials. is a thermoclastic eiect A 'uddcnl .apphd

sare design recuires that the %csscl le.jkx helare tcnsif, stress causes a true solid to .ool siglitl. s it

it breaks. leakagc is not catastrophic, (as( fracture expands tel.astoncrs are not true gifids, and %how the

is. To ensure this, the scl muss tolerate crack opposite ifect). As it %arns back to its initiallength 2a, equal to the wall thickness r and thi temperature it expands rurthcr. giasng additional
leads to a diffrnt criterion (Or mterals slection, strain that lags behind the strss, The anisotropy ofFrom he Iast equation the leak.c{ore.break moduli mcans that a pol)crystal. even then unl.crnterlOn e t {.ormly loaded, shows a thermoclastic damping be.cause ncighhouring grains distort-and thus

KL cool-by differing amounts. The damping is propor.
; ~tional to the difrerence between the adiabatic mod.

uBus, E, and that measured at constant tenperature.But the pressure, p that the v.essel can support is Er .A thrmdynamc analysis (e4g. 124)) shows that

limited by yield, so that. {or a thin willed cylindrical
vessel of radius R, EEq. cE -E. CT Er 14)

pR 40, ET pC,
t where a is the coceficient o. linear thermal expansion.

Substituting (or i gives C, the specific heat. T the temperature and C a

; 4L Kit constant. This leads to the shaded line on the Chart
P , marked "thermal damping" Single crystals andglasses lie below the line, because, when loaded

The greatest pressure is carried by the vessel with the uniformly. no temperature gradients ist,
largest value o( Xj' a,. A guide line o( A4,u, is The loss coellicient of most materials is far higher
shown on the chart, It. and the yieldbefore-break than this. In metals a large part or the loss is
line, are used in the way described in Section I. hysteretic. caused by dislocation movement: it is
Again, steel and copper are optimal. high in soft metals like lead and aluminium, but

heavily alloyed metals like bronze, and high-carbon
.. 7, Te loss coefficent-nodulus chart (Chart 7, steels have low loss because the solute pins the
Fig. II) dislocations. Exteptionally high loss is (ound in the

Bells, traditionally, are made of bronze. They can Mu-Cu alloys, because ora strain.induccd martensite
be (and sometimes are) made or glass: and they could transformation, and in magnesium, prhaps because
(i you could alford it) be made or silicon carbide, or reversible twinning. The elongated balloons ror
Metals, glasses and ceramics all. under the right metals span the large range accessible by allo)ing and
circumstances, have low intrinsic damping, or "in. working. Engineering ceramics have low damping
ternal rnction". an important material property when because the enormous lattice resistance (Section 3 2)
structures vibrate. We measure intrinsic damping by pins dislocations in place at room temperature.
the loss coefficient. q. which is plotted in Fig. II. Porous ceramics, on the other hand. are filled with
Other measures include the specife damping capaciti cracks, the surfaces of' which rub, dissipating energy.
DIU (the energy D dissipated per cycle of vibrational when the material is loaded, the high damping or'
energy U). the Ing decrement. A (the log of the ratio some cast irons has a similar origin. In polymers.
or successive amphtues). the phase lag, f., between chain segments slide against each other %hen loaded.
stress and strain and the resonunc' la Iar. Q. When the relative motion lowers the compliance and dassa-
the damping is small ji <0.01) these measures are pates energy. The case with which they slide depends
related by on the ratio o( the temp-raturc (in this case, room
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Fig. 12. Chart 3- Thermal conducuistty. i. plotted 43atnit thermal dtltusivaty. a. the contours show the
%olume specific heat. pCr. All three properties %ary 'Aith temperature; the data here are for roon

temperature.

2 x 10 "' N. The volume specific heat is then (as the fewer atoms per unit volume and. averaged over the
Chart shows) volume of the structure. pC. is low. The result is that.

PC, - 3Nk iNfl - 3kWu 3 x 10' JIml K. (18) although foams have low conductiites (and are
widely used ror insulation because of this) their

For solids. C, and C. differ very little: at the level or thermal dflistrales are not low: they may not trans-
approximation of thts paper we assume them to be mit much heat, but they reach a steady state quickly
equal. As a general rule. then The range of ;. and of u reflect the mechanisms of

,3 x 10a heat transfer in each class of solid. Electrons conduct
the heat in pure metals such as copper, silver and

(A in JImK and a in mn,;s). Some materials deviate aluminium (top nght of chart) The conducta ,ty is
from this rule: they have lower.than.average volu. descnbed by
metric specific heat. A few. like diamond. are low (19)
because their DEbye temperatures lie well above room
temperature; then heat absorption is not classical, where C, is the electron specific heat per unit volume.
some modes do not absorb kT and the specific heat I is the electron velocity (2 x DOS mas) and I the
is less than 3Nk. The largest deviations are shown by electron mean free path. typically 10"'m in pure
porous solids: foams, low density firebrick. woods metals, In solid solution (steels. nickel.based and
and so on. Their low density means that they contain titanium alloys) the foreign atoms scatter electrons.
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Fig. 13. Chart 9: The linear expansion cocticeni. 3. plotted *gains, young,, modulus. E. Ile contours
show the thermal Sites% Created by a temperature change or V'C it the sample is axially constrained. A

correction (sctor C it applied for biaxial or tn3Xial constraint tsee text)

reducing the mean free path to atomic dimensions diamond. silicon carbide, And even alumina have
(% 10 - "m). much reducing A and it. conductivities almost as high As copper. The low

Electrons do not contribute to conduction in cer. tonductivity or' glass is caused by its irregular Amor-
amics and polymers. Heat is carried by phonons- phous struct.-e: the charactenistic length or' the mol.
lattice vibrations or short wavelength. Thcy arc -.cular linkages (about 10-'m) determines the mean
scattered by each other (through an anharmonic rc path. Polymers have low conductivities because
interaction) and by impurities, lattice derects and the elastic wvave speed ?' is low (Chart 1). and the
surfaices,. it is these which determine the phonon mean mean free path in the disordered structure is small.
fir-e path. I The conduettitiy is still given by equation The best insulators are highly porous materials
(19) which we write as like firebrick. cork and roams. Their conductivity is

VVI jpCe (20) limited by that of' the gas in their cells, and (in very
low density polymer roams) by heat transfer by

but now eis the elastic wave speed (around 10' mfs- radiation though the transparent cell walls.
see Chart 1) and pCIV is the volumetric specific heat.
if' the crystal is particularly pci-etee: and the tempera- .1.9. The therinal exrprnsion-nioduts chtart Whaon 9.
ture is well below the Debyc temperature, as in F'9. 13)
diamond at room temperature, the phonon conduc- Almost all solids expand on heating. The bond
tivity is high: it is tar this reason that single crystal between a pair of atoms behaves like a linear-elastic
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spring wheni the relative dlspiaccmrcr or the atoms it temnperature gradients in the body. All scale as the
small: but when it is large. the spring is nion-lincar. quantity xaE. shown as a set of diagonal contours on
Mlost bonds bec stiffer -Ahtn the atoms are Fig. 13. More precisely. the wtrss 1;i produced by a
pushed totherct and less suit when they are pulled itmperature change or V-C in a constrained symcm.
apart. The thermal %ibratton of atoms. even at room or the stress per C caused by a sudden change of
temperature, involves large displacemecnts: as the surfae temperature in one which is not constrained.
temperature Is raised. the non-lincar spring constanit is 6%ven by
of the bond pushes the atoms apart. increasing their CO. E15
mean spacing. 'The effcti is msured by the hinear uS
epirmien Coeffctml %%here C w I for axial constraint tIi - f. or biaxsil

I8d constraint or normal quenching. and tIi - 2 v for
a0 1~ d i21e tnaxisl constraint, wAhere v it Poisson's ratio These

stresses arc Uarge. typically I MPAX. they con csuse
*Ahere I is a linear dimension of the body A quanti. a material to )icld. or crack, or 'oll. or %uke when
ttlive developmenit of this theory leads to thc relation it is suddenly heated or cooled, Thc reistance of

materials to such damage is the subject of the next

where is Gruntiisn's constant, its %aluc ranses rp W T I'nmabrrI ire s-r~ r %z nsp. n
Wwetwn about 0.4 and 4. but for most solids it is chr (Car 10. Fir 14 1

near 1. Since PiC, is almost constant [equation 03B)). When acold iee-cub idrped into a ;ass ofgin.
the equation tells us that a is proportional to IXE it cracks audibly. The ic s, failing by thermal %hock
Figure 13 shows that this is so. Diamond. %ith ilic The ability of a material v. uithstand su41h Atre'es is
hi~1scst modulus, has one of the M-Acst coefficients ot measuredJ by its :Arrntz %hock 'voa,.r It udepeedsi
cxransion: elastorncrs with the lowest modulo expand on its thermal expansion cocilicienit. 7. and its nor.
tht. most. Some mutenals with a low coordination maliscd strength. a,, , They are the Mies of Fit, 1-1.
number (silica, and some dlamond-cubie or zinc. on Ahich contours of constant u, zEarc plotted. The
blendc structured materials) can absorb energy pref. tensile strength. o,. requires definition, just as o, did
erentially in triansversc modes, leading to a vcry small For brittle solids. it is the tensile fracture strength
(even a negative) value or ;a and a low cap.-nsion (roughly equal to the modulus of rupturt. or MOR).
coefficint-that is why SiOi is exceptional. Others. For ductile metals and polymers. it is the tensile
like Invar, contract as they lose their firromagnectism yield strength: and ror composites it is the stress
when heated through the Curie temperature and. over which first causes permanent damage in the form of
a narrow rang- or temperature, show near~zcro delamination. matrix cracking of fibre debonding.
expansion. usefui in precision equipment and in To use the chart, we note that a temperature
glass-metal seals, change of AT. applied to a constrained bod)-or a

One more useful fact: the moduli of materials scale sudden change AiT or the surface temperature of a
approximately wkith their melting point. T. (see, ror body which is unconstrained-induces a stress
example, Rer. (9)

100 Ar,
E where C was defined in the last section. If this stress

where k is Boltzmann's constant and n the volume, exceeds the local strength or, of the matenial. )iclding
per-atom In the structure. Substituting this and or cracking results. Even if it does not cause the
equation (I8) for pC'. into equation (22) for a gives component to fail. it weakens it. Then a measure or

2 -4 7 (24)the thermal shock resistanice is given by
1 - .lAT,(4 !T or, (27)

-the expansion coefficient vanes inversely with the F 21
melting point, or (equivalently stated). fot all solids This is not quite the whole story. When the con.
the thermal strain, just before they melt, is the same. straint is internal, the thermal conductixaty of the
The result is useful for estimating and checking material becomes important. Instant cooling requires
expansion coefficients, an infinite heat transfer coefficient. hs. when the body

Whenever the thermal expansion or contraction of is quenched. Water quenching gives a 41i8h h,. and
a body is prevented, thermal stresses appear: if large then the values of 6T calculated from equation (27)
enough, they cause yielding. fracture, or elastic col- give an approximate ranking of thermal shock resist-
lapse (buckling). It is common to distinguish between ance. But when heat transfer at the surface is poor
thermal stress caused by external constraint (a rod, and the thermal conductivity of the snlid is high
rigidly clamped at both ends, for example) and that (thereby reducing thermal gradients) the thermal
which appears without external constraint because of stress is less than that given by equation (26) by a
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Fig. 1IL Chas 10- The normalikid tensile strength. a, E. plotted against linear coeffcicnit otespanuorn. 3
The contours &how a measure at the thermal shock~ reis~t. 6~T Corrections must be applied for

constraint, and to allow rt thermal conduction during quenching.

factor .4 which, to an adequate approximation. is called the Biot modulus. Table 3 gives typical values

given by ot A4, (or each class. using a section size or 10 mm.

A The equation defining the thermal shock resistance,
A I +hl (2) AT. now becomes

where r is a typical dimension or the sample tn the BarT (29)
direction of heat flow, the quantity MIA~ is usually

Tabte 3 Values of the factor A (Section I - t0 mim)
Conditions Foams Polymer% Ceramics Metals
Air ijow. stow tA - iOW-sn'911 075 0.5 3 x 0-i 3KtO
Black body radision 400 to 0 C
(A . 40 ml K) 0.93 06 0112 13 x io-

Air fiow. (sit th - tO' Wins 1C 01.$ 0.25 J. to
Water qucmp skW
(h - to, Wim. X) I 1 073 0.23
Wiit qucnch. fast
(A - IW Wsn2 ) I 1 1 01-0.9
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whcrcO - CI.The contours onithcdiagrmare of 8 output is no better thin their input. garbage in t
67', The table shows that, ror rapid quenching, A ii is of'ten said). garbage out. That creates a need for
unity for all materials except the high conductivity tsf.3raithin. ways olchecking that the vlueassigricd
metals. then thc thermal shock resistance is simply to a mater, property is reasonable. that it lies
read from the contours. Aitth appropriate correction %&cin -. - peetcd field of %-Alues. The charts definec
for the costraint (the factor C). For slower quenches. t irniv or' the iclds. A value. ir it lies %%ithin the
Ar is larger by thc factor 1IA. read from the table. ticld. is rcsonablt. if it lies outside it may not he

wring. but it is exceptional and should. perhaps. be
A. COiNCLUSION'S ANt) Al'PLiCATlONN qucsti.ftcd.

Another concerns the naur or dia The chiarts
Most research an materials concerns itself. qwtie rtis is not meant to sound profound) atrc a secion

properly. %%ith precision and detail. But it is ccasion. through a inulti-diniensionil peopert-sw: Each
ally helpful to stand back 3nd view, as it were, the matenal ocupies a small volume in this spac; clasw3x
ieneral lie or the land: to seek a framework into .ifmatcrl~oc,upytisomc%%iatL~frrvlunic Ifldata
which the pzrts can be Wlted. and when they do not for .3 material (a new polymer. (it insitnce) lic
tit. to examtine thc interesting cx.cptions. These outsi~c its characteristic volume, then the material is.
charts arc an attempt to do this for the mchanical in some sense. novel. The ph~icial basis or the
and thermal properties of materials. There is nothing property deserves investigation and explanatiun.
new in them except thc mode of presentation. %hich There is another facet to this. that of -the new
summaonses information in it compact. accessible material looking for an application". Established
w-Ay. The logarithmic scoles ore wide-ide enough materials ltave uppliatons; they arc knowkn 'The
to include materitls is diverie us polymer foams and lirst-otdcr approach to idcnitifing applications for a
high ptrermanct eaisalwn a comparison new mAitial is to plot its position on charts and
betweecn the properties of all %:lasses or solid. And examine its environment, is i lightr. %rititlrcr. ,ir
by choosin; the axes in a sensible way. more infor. stronger than its neighbours! Does it havec a better
mation can be displayed: a chart of modulus E value arm design-limiting combination like 0-* E than
against density p reveals the longitudinal w-Ave they' Then it may compete in the applications they
velocity (Epi:a plot of fracture toulhness K,, currently enjoy.
against modulus E shows the fracture surface enrgry Finally, the charts help in problems or materials
G1,. a diagram of thermal conductivity .. against selection, In the early stages or the design of a
diffusivity. u. also gives the %olume specific heat iC'.. component or structure. ull materials should be con.
expanSion, z. against normalised strength. 4, E. gives tidered:. failue to do so may mean a missed oppor.
thermsal shock resistance Ar tunity for innovation or improvemenit. The number

The most striking feature of the charts is thc way of materials available to the engineer is enormous
in -Ahich members of a material elass cluster togeiter. (estimates range from $0.000 to 80,000) But any
Despite the wide range or modulus and density design is limited by ccrtairr material properties-by
associated with metals (as an example), they occupy stiffness E or strength 0, for instance, or by combi.
a field whieb is distinct from that of polymers. or that nations such as E': p or KI. a, These dexignienift.
or ceramics, or that of composites. The same is true ing propertis are precisely those used as the axes Of
or strength, toughness. thcrmal conduetivity and the the charts, or the "guide lines" plotted on them, Bly
rest: the fields sometimes overlap, but thcy alwa)s following the procedures of Section 1. A Subset Or'
have a characteristic place within the whole picture, materials is isolated which best satisfies the primary
The position of the fields and their relationship can demands made by the design. secondary conirints
be understood In simple physical terms: the nature or' then narrow the choice to one or a few possibilities
the bonding, the packing density, the lattice resist- (examples in Rers (11 and [241).
once and the vibrational modes or the structure A final word, Every effort has been made to include
(themselves a function or bonding and packing). and in the charts a truly representative range ormaterials;
so forth. It may seem odd that so little mention has to ind reliable data (r them: and to draw the
been made or microstructure in determining proper. envelopes to enclose all reasonably common members
ties. But the charts clearly show that the first-order or a class to which they belong (not just those
difference between the properties or materials has its specifically listed). I am aware that the charts must
origins in the mass or the atoms, the nature of the still be imperrect. and hope that anyone with better
interatomic forces and the geometry or packing. information will extend them.
Alloying, heat treatment and mechanical working all
influence mierostructure. and through this, proper. ArAni'~Iedtnents-Many #coltragues hmv been generous
ties, giving the elongated balloons shown on many of with experience. suggestions and advice. I particularly wish
the charts: but the magnitude of their effect is less, by totakD L M. Brown and Dr J Woodhouse of

factos or o. tan tht of ondig andstrucure. i d e University. I also wish to ucknowlcdge thefactrs r 1. tin hator ondng nd trutur. iflunceof Professor A. H. Coitrell. whose book .tWsdlns.The charts have other applications. One is the cal Pwopevrrvs of ,ter (Wiley. 1964). though not refer-
checking or data. Computers consume data: their enced here, has been the driving force behind this paper



ASIIBY OVE-RV'IEW NO -4 IM9

RE'ERENCFS 13 N P Barui 3nd R, It, Dortnlus. l14nd~oop opt( is$
Pn'perit Acadcmic Pots,. %cw York (19116).

1. K F Atb-ltr~ ecton11c-ntlDsg 1-1 JHndb1ktiAop ixicir I'Inuk d MJitowm t(cdii by C A,
In MaIterials EninerinEtn uand Dogtn, Pt.i Cotal II4tpct McGr~w 1(1ol. Ncw Yortk 1197M)

l-itortAi( 7," Ins~titute~ a(M Nlt. Lindon (199M 1 Iinawrisuw! P1.zuu1i Sreair. ?lil:,.w. 91h cdn mni
2. Arnrcan linurue ops Pi'M'iw 11unoAt". lid Witn 11ttli Scvlr San Ditto. Calif (19171

McGraw-Hill. Nocw Voflk 119721 ith A 9 Ilhoip4 and 11 L- Stcphens. Jtlani~i.*I of
14UA~hiA- ft Cr/.Cilarlf andt Phi is(%. knd Wi n o Vm ~ Ijioiutiorv Nlatccd ODcr. Ncw York 0l9$81

CI Rubba. Cio:cand. Ohi~i 119713 I S I'11 u k i) IFrdlt.o JI 11at,..i(of Phi exwul jInswo.
1, .od4&un~ieTubleo Sprn.tf. Bielin u19Iitu Ncmoitr 97 QcoI Sot- Ain.. %cw York (19661

Us tit*il Engincloini .It.JfetdI Seletin, Parntn. 111 W E C Ctc~kc. I E J Sainsbury and R Motrcli.
CkidtAnd, Ohio (19171 Pexzqn kwih Non OuwiUk Marasrsat 1191121 Appl Soi.

6. Fulimer .1trialt Opisrowrt Pulmc Rtwaach Inituutc. Lvnonn 0I9921
Stott Posts. liucks. V1 K u19"! 41 Ry Muffe.ll. 11nJ&ii.,( of I',p.'rw'w of Te.AnwuI gnd
a Simemons 3nd II \van$. Singl cllipl U111':. Entieca.g Crw.vew. Parts I and It NinI I'h)Is.al
CoMvgants anld C.Slesip'siel 4vvetwe Proprtffi M.IT U h . II \1 SO0 Lendon
Pmcs. Camibridge. Masss, (19'I 11 N (1-niploorl. ('i%.nrr'e AtarecItelt. VolI I ASM IMt.

X 0I, J Laran. Oairipuc on Matetult pond Irftpr Columbus. Ohio 119s'.)
in Strctuural .%Iechiet Petganon Picss. ord 21 Ertmr~een Utmhor to co'njU 3leMattwl. ASM Int.
019681 Columbius. jh1p) 09S71

9 11 J Ivrost and Mi F Ashby. )?vne' StIanu 723 invwdeic. Twsrn~. hs £nVatuem.! 0 fii .il
.llaps. Ptrpmonn Ptest. Wo'rd (19S.11 Van NosttandRcinhold, Wokinshim. VA. d0 lI)

10.I, E~ W)Vr. Ain.: of cip ueed $#tell-Puptute Cunr 23 L J Gtbon and m F Ashby. c~,.41Svte
ASSI Intntational. Columbut. Ohio s19Sl and J'"tn(iel 1tPriaion Petit. Oltrrd (191

It. .. 11 lP1.l) .1rialt llnnd-Poik. Sth cdn Ame Soc 24 Mt r Ashby. Mator Selectone in Deoin To bo:
.\tats. Columbus. OS-o t19711rb!%i

12, C J Sneithtilt. (legt R~eee ne 6th Wit llustcr. 25C E Ntion. TAewriotul Elixtifs ltgwJ LVnt'
%potths. London u091141'rs Cambnd~gc. Mass 099)



Overviewlnforriattion in terialt proiperties is esenital ts agnineeting sksuocn. The broadthh0 vervieand precustcn of the data that the 4kjutner requires depenrd on the staXe the
&Ieasi has rached; at the start itshe 'conceptual' sta#)e. low, kitel dais, for allM aterials ,natorrsals: at the itnlh t the 'drtatled aletin&4a~eJ. data at a hish kidosf

selection in peiintrsn rafwraett,/otiIjl.isproorrlure fort nuatertalt

con c,7t alasuijIn the full ranr o ~sI iuttnadj ovhAbk iso the originner. the ss'mt tuus's 1. 's
desgn to petformtf in ito agiven opplic~atin. AtsT I1M4designi" 19.19 The Initutea 0f.1 fotals. The autihor as in the Engineering Departient

Unaversteof sit snhti.te. This paperr wts prsented iit the Hlateijul* 73 contkfornf
'I lagitals eand Env~anerting' Des'jn* held in ndIsn on V-11 Alas I5AX szn.

M. F. Ashby wiXanotrd hit The lnittt suf Yolets:

Intodctin ulckmcIs successful. the esincr proceedis to the detaitled

necw1Ior ctliaI coffiroficut1. g'i.c;'4iaiiou III tailed
It %% maitt that there arc more thon $600 maitnalt j~adlab:c rh'dJutson drawings. sipecilkaton orf tolcranc. ptitcuson.
it, the engineer materials enter all omts or coinoeeing joining methodi. finiiihing. etc
design. from the inost integrated of microelectronics to the %ateoxis sclection"' enter% at every tugc or the design
most massive of ciil enigineerin; structures The cost oi procs, but the nature O the data fot the material propict-
materials in microclccironies it :; %mall friction i ! s-. or tici required at eh stg dites igre-Itly in sit level of
the cost of !he product, By conitast. or nmechanuial andoiio rtcason and breadth Fi. 2. right-hand ksoumrost At the
engrtnm, nsaittal costs often cecd $0 . kif the phroduct ncep.Vtuai deslign stage. the designer requires approlimateC
cost and the volume of material used tit &-cry large, Thus. data for the widest possible range of matnralt. All options;
thit overview % restricted to the maitials of mechanical arc open: a plymer may be the best chotce for one c.oncept.
and civil cngomeeting. It ns here that the comliioin -1 mnetal ror another. evien though the function is the cime
bctveen matert is greatest and opprtunities for onnova. Those t1peM of data are found in low precision tables such
tion arc most marked. It is eonvenient to catalogue these as those of thc Fulmer Nisienils; Optimiser." the Nlaterials
materials into sus broad classes (see Fig. it metls. Selector.- or in materials selection charts of the type shown
polymers elamtmers, ceratmics ilasses. and composites. below. The low level of precision is not a problem; it is
Within each class there is some commonality in properties. perfectly adequate for this task. The ptoblemt is access. hens'
processing, and use pattern. e.g. ceramics have htgh moduli. can the data be p resented to live the designer the greatest
p ors; have low moduli: metals can be shaped by' casting freedom in considering alttnaities1 The charts help here

Ynd orgling. composites require lay.up or special moulding and examples aire given below
technuques. However, this compartmentalisition has its Embodiment design requires dats at the second level of
dangcru it can lead to spcialisation (the metallurgist who precision and detail. The more detailed cAlculations
knovvs nothing of polymersi and to conservative thinking involved in deciding on the scale and lay.out of the design
t'vvc use steel. because we have Always used stcerj. require the use of more detailed compilations. multiviolume

There was is time %hen metals so dominated mechanical handbooks such As Rc(L 8- 12 or computer daabaises that
design that ignorance of the potential of other materials contain the same information. These list. plot and compare
was hardly a handicap, but that has changed dramatically properties of a single class of materials and allow choice at
The range of materials available to the engineer is larger. i level oftdetail not possible fromt the broaider compilations
and is growing faster. than ever before (see also Ref. 1). New %hich include all materials.
materials create opportunities for innovation. for new The final stage of detailed design requires a still higher
products, and for the evolutionary advance of existing levcl or precision and detail. This is best found in the
products to give greater performance at loiter cost. datasheets issued by the material producers. A given mater.
Ma2rkets arc captured by the innovative use of new mater. ili (eg. low density polyethylene) has a range of properties.
ials and lost by the failure to perceive the opportunities which derive from difrcrences in the methods of nianufac.
they present- but how is one to rind One's wAay through the lure of the various producers At the detailed design stage, a
enormous catalogue, noarrowing it down to a single, sensible supplier should be identified and the properties of his
chie Can one devise a rational proceduare for trial product used in the design calculation. but sometimes even
selection? To answeor that the design process must frst be this is not good enough. If the component is a critical one
discussed briefly. (meaning that its failure could, in some sense or another, be

disastrous), then it may be prudent to conduct in-house
tests, measuring the critical property on a sample of the
batch of material that will be used to make the actual

Materials data In design process product.
This overview is concerned with the first level of data

In he enralcolmnof he iovchr: f ig.2, hestaes the broad, low precision compilation - and methods of
of the design proeess.15 are shown much simplified. A pesnaintsmlfyheasofeeco.
market need is identified. A concept for a product which
meets that need is devised, If approximate calculations (left- ___________________________

hand columns) show that, in principle, the concept will Materials selection in conceptual design
work, the design proceeds to the embiodiment stage- a more __________________________

detailed analysis, leading to a set of %orking drawings
giving the size and layout of each component of the It is important, as is stated above, to start the design
product, estimates of its performance. cost. etc. If the process with the full menu of materials in mind. failure to
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14ETALS IT C%" 1

-3- '41

POLYMERS )ICERAMICS to. ~

0 j,

ELASTOMES) MLASSES Or "

DENSITY. jW t4~v)
3 Schemnatic of materials selection chart Young's

I 'Meiu' of engineering materials, each clse hot modulus E is plotted against density~ otn loil sc.s
Proisonle which occupy particular part (or field) of to performance ctitstle (e.g. Ei~s or E"';s) can be
each of materias selection charts (e.g. s"a Figs. 3. S. examined easily - each class of nmaterial (so* Fig, 1)
7.3. 11) occuples characteristic part Of Chart

do so may mean a missed opportunity The immensely itl it rr all matcrgall. arc displa~cd in a cinmcnaerstly Acccxss
choice it narrowed. first. by primary constraints dictated by Wbe %ay,
the dcsign. then by seeking the subset of materials %hich Primary constraints in minacrials iclectionirc impoicJ h)
maimtsc the performance of the component. One way of those characteristics of the dcin of s component thAt arc
doing this qu!Aly and cfietively is by using materials non-rnctotiac: the temperature and environment to -Ahich
sicction charts. it is exposed, its %%eight, its cost. ec. If thcsc arc specaicd. all

The idea behind the charts is illustrated by Fir. I. Onc but thc subset of mawcials wmhich saisfy these :oanstraults
material property (the modulus in this instanecti s plo-ted can be eliminated, A primary constraint corresponds to 3
against another (the density) on logarithmic scs. When horizontal or %civsl line an the diagram.: all materils to
this is done, it is round that data for a ga~cn class of one side of the litie can be rejected.
mateials (e.g. enjinecring polymers) cluster together they Further narrowing its ahic~cd oy seckint that combia.
can be tnclosed In a single 'balloon~. The bslloon is lion of properties which masimises the performance or the
constructed to enclose all materials in the class - e~cn those component For most commnon load hearing components,
not explicitly listed on the chart. As a result, data for E and performance is limited, not by a sangle property, but by a1

METHODS5LCTQ

ANALYSIS! CONCEPT -a4#pasECISvl

STATISTICS IWO

UILSS ANALYSIS MBODIMENT MATERIALS ..

HEAT OPIIMISATIWf

CCm~uTER EfroVE~r
Sc&-r:c DETAILEDT LOEARL

2 Design procesYSI muc Eipfe (cnta coum) soIn ho enIeein sceceed aeia scec

Mae2 l ienrcess anuTchsilifie Ju n ra 99 olum) shwn o5niern cec n aeilcec



cembination d pfOpertiL The lightst tic rod Ahleh tll the thcrmal coclffcnt of cipsn'ion Thcc arc numcrout
arty a Owcn Axial load is that with the gIcatest Valuc of such combinatons dcpcnding on the thmactn and ih
#,p. where v, Is the yield strength and o is the density of for somc simple loading gcomctl€ Arc gten in Tablc I
the material. The lightest column %hich will suppvr a The charts can be used to select r41le1s w hich mIXaImIK

Sitvn compresiti€ loid without buckling is that with the any onec of thmc combtngisonk Rcfctring ipin to lr. I
greatest valuc of E'' p Iwbc: E is Young s mdtua The the w 'vnton
best mialcotl fora u pinf. fSard k.s o(JfS ihArc or the A4 E IV "
it is loaded. is that with the grcatcst %stuc of . E. CceamtCS
with thc best thermal shock resistance are those with thc Ot t5)"nig lo.
largest valuc o(aqgE, whcrc a, Is the fracture stress and x is los E -og p +o$ C

Table I Property combinations which determine performance in
minimum weight design (for minimum cost design. p Is
replaced by C.P. wherq C. Is toll.VO coot pot unit weight of
material

Tie tod

T* iod

#elo b~

rI IOKOW I

TerWio tu

seedn;g1 eds ad O tub"

, oIthee

sucklilng of Olde.'h column or tube

F~ I qiI# i '

Ue$fling of plate

suckling of plate

P L vw atc ,d w spec

Cylinder with Internol preeoure
A t isirc'hd I W.4

rototing cylinder
w. t sipec4, X .d

Sphere with Internal preeurs
A r s~ictad n[itA - dfjp41

4 isf acturto loughness. G is bulk modulus.
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T444. 2 Boc sub.t melalel ptopili. dfram. this line links mal1tlcli having cual vlucs Of
. , Mate.als above the line arc better choices for this

014wO CeL C4 application than mateials on the line. materials btl~w arc

yovi,, M0esuq , £ GN. I worse. The line is displaccd upward$ until a rearonably
Sit ,CMNn I 5small sc¢!€tion of marcts.ls remains Above it These arc
O 0W1q4 (qqffitwM titA!) idefeli.d an I. Rk '*odt. cm site partculartly
IF 6 odW.,5-'& Won I (:FRPL 311d vce'tatn Ies rcaeineecring v.eramrnc. Mletals

q~m q4Aq~A ~;* rc not suetalue. they ;Irc ft 1,4 heavyl. so 4hlo 1Ce
#, , -, n v Polymers. l because they arc not nearly sticr enough. The

Wq. .Iq 1,TA choice is further natrovt. by the primmry conittaint that.
Ca,..M ,o4m4W, fr ;ncdterncss. E must e Largc A h.neontal line on the

diatram tn1s mAtenAls IUIn; equal talue of L th&Ic
a%,lc arc sitifcr It can be seen from 1 t 4 thAt this now.

ts a ml.yostraght pralkIlines ofunit Itoonenfr limnaec .td0 . The best choice it CFRP" uiing .hh
each alue of the constant C. leti of the amc we cht as, but thinner than,. 'odcn oris

The cofndition can be made. At this stagte. other aWpects o(f thc dcsign must
C kevamined: trength. cost. etc.. fxr .hi[h there :ie other

I ch,%tts. but dsw:usiii- 1 hutmcd to thc resnt d hefie
sie' another set. in this instance having A slope or i

A third condition MATERIALS FOR FORKS OF RACING
E1P M C BICYCLES

The first conmiditaton in btcy%1 dcsiin WFr, 6I ts strenlgth
VI1svc yt another o slop I StiTnet is :a factor. ofcourwe but the intial nisn critcnrin

It is now easy to read otf the materiaatls -ahh arc optimal is that the (rine and forks shuld not )Wa'd or fracturt in
(fr each loading geometry Auuming. Of cour%. that ti norm.l use. The I'adn::g on the flamc is nmot ob~vout. in
0thr tactors Ce. colrtion rcinafnlVi need N idgiOn$dcCC eactle. is is a kombtoasi.in of as 12 adng atnd bending
Ifa .traght edge is bid parallel to the line C' is -,. all 'TNIn the (tli §impler n it p -t' antmil , bndsq. If
the materials which hic on the tine itl perform cqualh ": th e is for renp. then the %riiht t% . prillUev
as A light column ljadcd in Lgmptim ea0 thtoh abot the ;mdcratikl the frks should tv At lqiht .a pot olc so .4
line arc ter. those below. womrse If the tta:ght cdge is malctil havmin the greatcst Value of ,rA' is should be
trnislated towards the top Iclft corner of the diagram. the chosen ws Table I.
choice narrows. At any given position of the edge. to Tee peoprtatc chart is shown in Ff. .i stir ength IJel,
matcrials which lac on its edce are cqually good and only stenlth for ductk matrials. crushing -strength (ot bWlt
the subsets which temasn 0abov, are bettcr The sme pro. plotted .vkst density As in the ptc ious example. r'it,-
ccdure, applied to the tic tod ItEpl or plate in bending .Is or the same class clustcr tocther tin one 2.0e of the
.E' ):p)l kad to dfterent -quivalcnce and optimal subscts i chart metals ncr t.h top tight. polymer% in the middle.
of materal. structural foams in the bottom Ich, In Fig. 7b the selection

In mechanical design. there a:re 12 properties hhh. proctdut is-hown. A line ol'slope I it drawn on the chart.
singly or in combination. usually limit performance and .links materials havini the same valuc cf e p. i.e.
them arc giea in Table L There arc charts for all thcs mlefualt % hh (atr ('a strength is ,onccrncdl arc equally
propttcs in the combinations which vcur mot ood rort Atig the fots ofa racing bi le. All reiAlt
frequently i Four of the charts arc discussed below using Above the lmsc arc better those below Are .ore.
bricf camples of how each chart allows maternal to N Four mr'tials are sin.Id out; high strentth 2luminium
Selected for a particular application. K'071. TO) a.-.4 titanium sioy% arc equally good. ltcynolds

331 ,a high sti engah steel popular for bicycle frames) is A
ittle es o.. CFRP is definitely better. A this st."c. it is
nmess,'ay .o examinc other aspects of the matcnail choice,

Mate lis selection charts and their uses stlft,'s. resistance to fracture. ecm there arc charts to assist
with this). and to esamine the cost of fabrication Ithouth. to

MATERIALS FOR TABLE LEGS 'he committed racing cqchst, cost is irrelevant). Again.
Luigi Tavolino, furniture designer. conceives of a light- CFRP ¢rncrgcs from such an analysis a an attrictioe.
%eihit table of daring simplictry a flat sheet of toughened though cxpensie. choice; and. of course. it is used in
glass supported on slender. unbraced. cylindrical legs casctly this ,pplication.

(Fi&.4). The legs must be solid (to make them thini and as
light as possible Ito make the table easier to mo%el They MATERIALS FOR SPRINGS
must support the load imposed on them by the table top Springs can be of many shapes Fi . $I1 and have many
and whatccr is placed upon it. without buckling. What purposcs Regardless of their shape or use. the best material
materials could one recommend? for a spring or minimum volume (e.g. for a watchl is that

Sknderness imposes a pnmary constraint: slender having the greatest value of a3/E. The reasons for this arc
columns must be stiff, that is. they must be made of a not discussed here, but the result is used to introduce the
material having a high modulus E Lightness. %hile still chart shown in Fig. 9a: modulus F plotted ag1ainst strength
supporting the design load, puts a further restriction on the a. As usual, materials cluster together by ass although
material choiccr reference to Table I (and the discussion of there is some overlap. This diagram hs many uses. one is
the previous section) suggests that the choice should focus the identification of good matenals tor springs.
on materials having high values of El I p The appropriate The selection procedure is stcwn in Fig. 9b, A line of
chart is shown in Fig. Sa. on which Young's modulus E is slope I links materials having the same value of al E As
plotted against density p. it is the chart of which Fig. 3 is a the line is moved to the right Ito increasing values of, o E a
schematic. Materials of a given class cluster together, smaller selection of mt erials remains. The result is s hotn
metals in the top right, composites near the middle. in the figure. where candidate materials are identified. The
polymers near the bottom. etc. In Fig. 5b. the selection best choices are a high strength steel (spring steel. in fact)
procedure is shown. A line of slope I is drawn on the and at the other end of the line. rubber. Certain other
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4 Lightweight table wvith cylindrical legs which are required to be slender. but which must not buckle ialast.
lkelly whefi table is looded.,inmatial having high values of £ and V'310 is therefore requited
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4 Racing bicycle having forksi that are loaded In bending* lightest forks which will not collapse plastically are
mae with material having greatest value of a! lip
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a Springs: b~at matatiat lot any spring. regardless of Its shapoe or way In which it Is loaded. is that havng highiest
value of VIJE
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10 Pressure Vessel containing a flow; sate design requires that pressure vessels should leak before they break
and therefore boet material Is that having greatest value of Kj.r,
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materials arc also suggesed: CFRP (now used for truck or can be gcncrated by in.house tests.
springs), titanium alloys (good but expensive), glass (used in The difficult step is the tirst: choosing from the vast range
galvanomctcrs) and nylon (children's toys often have nylon of engineering materials an initial subset on which design
springs). Note how the procedure has Identified the best calculations can be based. One approach to this problem is
candidates from almost every class: metals. glasses. described in this paper. Data for the mechanical and
polymers. and cu nposites. thermal properties of all materials are presented as a set or

materials selection charts. The axes arc chosen to display
SAFE PRESSURE VESSELS the common performance limiting properties. modulus.
Pressure vessels, from the simplest aerosol can to the strenSth. toughness. density, thermal conductivity. %car
biggest boiler. are designed, for safety, to yield before the) rate, etc. The logarithmic scales allow performance limiting
break. The details of this design method vary. Small pres. combinations of properties (such as E' I p or a Elto be
sure vessels arc usually designed to allow general yield at a examined and compared.
pressure still too low to propagate any crack the vessel may The examples given in the text show how the charts give
contain ryicld Wfore brcak'k then materials having the a broad oxervicw of material performance in a given
largest possible value of KI.c, are the best choice - they application and allow a subset of materials (often drawn
will tolerate the biggest flaw. With large pressure vessels from several classes) to be identified quickly and easily The
this may not be possible. instead, safe design is achieved by uses arc much wider than those shown here; %:harts eut
ensuring that the smallest crack that will propagate which help with problems or dynamics, heat tr nifer.
unstably has a length greater than the thickness of the thermal stress, wear, and cost They help, too. in finding a
vessel wall ('leak before break, Fig. 10). and the best choice niche for new materials, plotted on the charts, the applica.
of material is one having a large value of K.'[.. That lions in which the new material otlrs superior performance
covers safety. the actual pressure that the vessel can hold is become apparent.
proportional to ir, so the designer also seeks to maximse At present. the charts exist as hand drawn diagrams such
that property. as those shown here. but it is an attractive land attainablco

These selection criteria are most easily applied by using goal to store the data from ,hich they .arc constructed in a
the chart shown in Fig. I la on which the fracture toughness databasc coupled to an appropriate graphics display it
K4, is plotted against strength a,. Strong. tough. materials allow charts with any combination of axes to be presented.
lie towards the top right, hard, brittle materials in the and to construct on them linrs which Isolate materials with
bottom right, etc. The three criteria appear as lines of slopes attratvc values of performance limiting properties Uust as
I and I and as lines that arc vertical, Taking yield before in the examples) leading to a printout of candidate mater.
break as an example (Fig. I 1): a diagonal line corres- ials with their properties. A microcomputer based system or
ponding to KX,1 ir - C links materials of equal performance: this type is at present under development in the Engineer.
those above the fine are better. The line shown on Fig. I Ih Ing Department at the University of Cambridge.
excludes everything but the toughest steels, copper, and
aluminium alloys, although some polymers arc only just
excluded (pressurised lemonade and beer containers are
made of these polymers). References
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